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SUMMARY 
Experimental  invest igat ions have been performed of  a number 
of p h y s i c a l  p r o p e r t i e s  o f  t h e  n i c k e l - t i t a n i u m  a l l o y  known a s  
N i t i n o l .  The program  was  limited t o  w i r e s  and  t apes  of two spe- 
c i f i c  compos i t ions .  Four  types  o f  tests w e r e  undertaken t o  char-  
a c t e r i z e  some of the thermomechanical memory e f f e c t s  o b s e r v e d  i n  
t h i s  a l l o y :  
1) S t r e s s - s t r a i n ,   f o r   r e p e a t e d   l o a d   a p p l i c a t i o n s   a t   c o n s t a n t  
temperature .  
2 )  Tempera ture-e longat ion ,   for   epea ted   t empera ture   cyc les  
a t  c o n s t a n t  stress l e v e l .  
3 )  Temperature-elongat ion  for   epeated  temperature   cycles  
a t  d i s c o n t i n u o u s l y  v a r i a b l e  s t r e s s  l e v e l s  s i m u l a t i n g  a thermody- 
namic  power g e n e r a t i o n  c y c l e .  
4 )  D i f f e r e n t i a l   t h e r m a l   a n a l y s i s   o f   u n s t r e s s e d   s a m p l e s   f o r  
t he  comple t e  t r ans i t i on  t empera tu re  r ange  du r ing  r epea ted  coo l ing  
and  hea t ing  cyc le s .  
Based  upon eva lua t ion  o f  t he  da t a  ob ta ined ,  a hypothes is  of  
the   deformat ion  mechanism i s  p o s t u l a t e d .   S e v e r a l   e n g i n e e r i n g  mod- 
e l s  d e m o n s t r a t i n g  d i f f e r e n t  a p p l i c a t i o n s  o f  N i t i n o l  w e r e  des igned ,  
f a b r i c a t e d ,   a n d   t e s t e d .   D e s c r i p t i o n s   o f   t h e   p h y s i c a l   p r o p e r t i e s  
c h a r a c t e r i z e d  i n  t h e  t e s t s  a n d  o f  t h e  v a r i o u s  m o d e l s  a n d  d e v i c e s  
a r e  p r e s e n t e d  i n  t h i s  r e p o r t .  
l investigations have be n performed of 
 properties of the nickel-titanium alloy  
was l mited    tapes  
i  compos tions. Four types of    
ize the ther omechanical obser in 
a loy: 
) for rep ated load applications at constant 
 l ation, for repeated temperature cycles 
  
) for repeated temp rature cycles 
 tinuously stre s l vels simulating  -
power ti n cycle. 
) tial therm l analysis of unstressed amples for 
complete transition temperature range during repeated cooling 
 heating cycles. 
upon of the data obtained, of 
deformation  S veral e gineering -
 strating t a plications of Nitinol  , 
t , and tested. Descriptions of the physical properties 
 in th  ests and of the variou mo ls and devices 
 nted i  this report. 
INTRODUCTION 
Majo r  t echno log ica l  p rog res s  i s  f r e q u e n t l y  t r i g g e r e d  b y  t h e  
d iscovery  of  mater ia l s  wi th  unexpec ted  and  unusual  phys ica l  p rop-  
er t ies .  The deve lopmen t   o f   so l id - s t a t e   e l ec t ron ic s ,   based  upon 
the   p rope r t i e s   o f   s emiconduc to r s ,  is an  example. Of similar na- 
t u r e  i s  the  d i scove ry  o f  t he  unusua l  t he rmomechan ica l  p rope r t i e s  
o f  c e r t a i n  i n t e r m e t a l l i c  compounds, p a r t i c u l a r l y  t h o s e  o f  t h e  
nea r  s to i ch iomet r i c  compos i t ion  o f  n i cke l  and  t i t an ium ( N i T i )  a s  
repor ted   by   Buehler ,   Wi ley ,  Wang, and   o thers   (Refs .  1 - 14) .  The 
major  por t ion  of  s c i e n t i f i c  work d e v o t e d  t o  t h i s  mater ia l  has  been 
conducted  by  s ta f f  members of the Naval Ordnance Laboratory,  Silver 
Spr ing ,  Maryland ,  hence  the  N i T i  compound h a s  b e e n  r e f e r r e d  t o  a s  
55-Nit inol   and  60-Nit inol*  (Ref .  2 ) .  Of t h e  two composi t ions ,   the  
near  s to ich iometr ic  55-Ni t ino l  exhib i t s  un ique  thermomechanica l  
p r o p e r t i e s  a s s o c i a t e d  w i t h  r e v e r s i b l e  d i m e n s i o n a l  c h a n g e s .  
The  work r e p o r t e d  h e r e  was u n d e r t a k e n  i n  a n  a t t e m p t  t o  c h a r -  
a c t e r i z e  some o f  t h e  p a r t i c u l a r l y  i n t r i g u i n g  p r o p e r t i e s  o f  t h i s  
ma te r i a l  and  to  r ev iew concep t s  o f  s t ruc tu ra l -mechan ica l  app l i ca -  
t i o n s  which could employ those properties.  
I n  a n  e f f o r t  t o  e s t a b l i s h  t h e  f e a s i b i l i t y  o f  s e v e r a l  u s a g e s ,  
engineer ing  models  w e r e  des igned ,   f ab r i ca t ed ,   and   t e s t ed .  The 
a p p l i c a t i o n s  c o n s i d e r e d  w e r e  a l l  a s s o c i a t e d  w i t h  s o l a r  h e a t i n g  i n  
a space  environment.  The conversion of t he rma l   ene rgy   i n to  mech- 
a n i c a l  work b y  t h e  N i t i n o l  w a s  a d a p t e d  t o  t h e  movement of shut -  
t e r s ,  t o  t h e  b e n d i n g  of a s p r i n g ,  a n d  t o  t h e  r o t a t i o n  of a s h a f t .  
Tests of  the engineer ing models  w e r e  performed i n  a s imula t ed  
space  environment  or i n  a i r  a t  ambien t   cond i t ions .   So la r   hea t ing  
and  space  cool ing  w e r e  s imula ted  by  e l ec t r i c  hea te r s ,  and  by  r ad ia -  
t i on  o r  convec t ive  coo l ing .  
* The n u m e r i c a l  p r e f i x  r e f e r s  t o  t h e  w e i g h t  p e r c e n t a g e  o f  n i c k e l  
(a tomic  weight  58 .7)  the  ba lance  be ing  t i t an ium (a tomic  weight  
47 .9)   and   impur i t ies ,  if any. Hence a p u r e   s t o i c h i o m e t r i c  
(50  a tomic  percent )  N i T i  composition w i l l  have a n i c k e l  c o n t e n t  
v e r y  c l o s e  t o  55 percent  by weight .  
 
jor technological progress  tl  tr by the 
 of materials with unexpecte  and unusual physical prop-
.  elopment f solid-stat  electronics, based 
properties of semiconductors,  example.   
re  discovery of the unusual thermomechanical p operties 
 certain intermetallic s,  those of the 
 stoichiometri  composition of nickel and titanium )  
by Bu hler, Wiley, others (Refs.  .  
j r portion ific voted  this  b en 
ucted staff the N val Ordnance L b ratory, Silver 
, Maryland, hence the i s be refe red to as 
and 60-Nitinol* (Ref.     itions, the 
 stoichiometric 55-Nitinol exhib ts unique th rmomechanical 
a sociated with r versible dimensional s. 
work t  here ertaken an attempt to char-
ize  the particularly intriguing properties of this 
and to r view oncept  of st uctural-me hanical pplica-
s ich could employ those p operties. 
  e for  to establish the feasibility of several usages, 
models  i ned, fabricated, and tested.  
considered  a sociate  with solar heating in 
 environment.   r al energy into -
l  the N tinol  ted t  the 
to th  bending  i , and to the rotation  . 
th  ing models    ted 
environment or  r  ient conditions. Solar heating 
 space cooling   by and by r dia-
or convective cooling. 
  rical prefix r fers to the weight percentage of nickel 
t ic weight 58.7) the balance being titaniu  (atomic weight 
) and impurities,   re stoichiometric 
0 ato i  ) i i  l    content 
ry to   by weight. 
FLEVIEW OF CRYSTALLOGRAPHIC AND PHYSICAL  PROPERTIES 
A group of  remarkable  propert ies  w e r e  f o u n d  f o r  t h e  i n t e r -  
m e t a l l i c  compound N i T i  i n  t h e  c o u r s e  o f  a n  i n v e s t i g a t i o n  o f  t h e  
N i T i  a l loy  sys tem a t  the  Naval  Ordnance  Labora tory ,  Whi te  Oak, 
Maryland. Many of t h e s e  p r o p e r t i e s  a r e  r e l a t e d  t o  o r d e r - d i s o r d e r  
t r a n s i t i o n s  w h i c h  o c c u r  i n  t h e  n e a r  v i c i n i t y  o f  room temperature ,  
a n d  i n c l u d e  t e n s i l e  e l o n g a t i o n s  up t o  20 p e r c e n t ,  r e t e n t i o n  o f  
ex t reme duct i l i ty  a t  c ryogenic  tempera tures ,  remarkable  fa t igue  
r e s i s t ance  and  damping cha rac t e r i s t i c s ,  and  an  appa ren t  ''memory" 
e f f e c t  s u c h  t h a t  a p a r t  deformed a t  a tempera ture  be low the  t rans-  
i t i on  t empera tu re  w i l l  r e v e r t  t o  i t s  o r i g i n a l  form on h e a t i n ?  t o  
the   t r ans i t i on   t empera tu re .  A s  a l l oy   com,pos i t i ons   a r e   va r i ed  
from 55 t o  60 weight  percent  of  N i ,  t he  a l loys  va ry  f rom so f t  and  
non-hardenable t o  t h o s e  which can be .hardened t o  an R c  hardness of 
62. I n  a d d i t i o n ,   a l l   c o m p o s i t i o n s   a p p e a r   t o  be non-magnetic. 
The o rde r -d i so rde r  t r ans i t i on  t empera tu re  o f  t he  in t e rme ta l -  
l i c  compound N i T i  i s  dependent on the  p rec i se  a l loy  compos i t ion .  
A s  the  composi t ion var ies  f rom 50 t o  53 a tomic  percent  N i ,  t h e  
t r a n s i t i o n  t e m p e r a t u r e  i n  s t r e s s - f r e e  m a t e r i a l s  d e c r e a s e s  from 
165OC t o  -5OoC, whi le  a t  47 a tomic  percent  N i  t h e  t r a n s i t i o n  
tempera ture  decreases  to  1000~. 
The i n t e r m e t a l l i c  compound ha2 a body-centered c u b i c  CsCl 
type  of s t r u c t u r e  wi th   an  a = 9 A s u p e r l a t t i c e   a n d   a n  a = 3 
sub la t t i ce .   Th i s   a tomic   a r r angemen t   has   fou r   poss ib l e   o r i en ta t ions  
which a r e  s t a t i s t i c a l l y  d i s t r i b u t e d  w i t h  e x t r e m e l y  s h o r t - r a n g e  
order .  Above t h e   t r a n s i t i o n   t e m p e r a t u r e   t h e   s u b l a t t i c e  s t r u c t u r e  
i s  o r d e r e d   a n d   t h e   s u p e r l a t t i c e  s t r u c t u r e  d i so rde red .  A s  t h e  temp- 
e ra ture  i s  lowered  through t h e  t r a n s i t i o n  t e m p e r a t u r e  a mar t ens i t i c -  
t y p e ,   d i f f u s i o n l e s s   t r a n s i t i o n   o c c u r s .  I n  t h i s   t r a n s i t i o n   t h e  
atoms s h i f t  p o s i t i o n s  c o o p e r a t i v e l y  b y  a d i s t a n c e  up t o  0.8 8 ,  ac- 
companied by an exothermic heat  effect  of  5 .78 c a l / g .  A f t e r  t h i s  
t r a n s i t i o n   t h e  a = 9 A s u p e r l a t t i c e  i s  o rde red ,   and   t he  a = 3 5 
s u b l a t t i c e  i s  d isordered .  
0 0 
0 0 
A s s o c i a t e d  w i t h  t h i s  t r a n s i t i o n  t h e  N i T i  i n t e r m e t a l l i c  com- 
pound ,possesses a "memory". M a t e r i a l s   p l a s t i c a l l y   d e f o r m e d  be- 
low t h e  t r a n s i t i o n  t e m p e r a t u r e  r e c o v e r  t h e i r  o r i g i n a l  s h a p e  on 
hea t ing   beyond   t he   t r ans i t i on   t empera tu re .   S ince   t h i s  i s  a d i f -  
f u s i o n l e s s  t r a n s i t i o n ,  t h i s  change can occur  very rapidly,  
2 
REVIE  I   PROPERTIES 
  of remarkable rop rties  nd for the inter-
   course of an inves igation of the 
  system at the Naval Ordnance Laboratory, White 
e properties a  rela ed to order- isorder 
 which occur in the of 
 include tensile elongations  retention of 
tre e ductility at cryogenic temp ratures, remarkabl  fatigue 
 and r cteristics, and an apparent "
such that     belo  the trans-
 temperature l t t    ing to 
transition temperature.  compositio s are varied 
   percent  alloys vary from soft and 
able those can harde    of 
 all compositions appear to agnetic. 
trans tion temperature of the intermetal-
   precise alloy composition. 
 composition varies from   ic percent   
 temperature   materials decrea es 
°   0° ,   ic percent   transition 
t re decreases to lOO°C. 
s tered  s l
° ° of t re an  r  and an  A 
o  
tti e. This atomic arrangement has four possible orientations 
statistically distributed with extremely short-range 
trans tion temperature the sublattice r  
 red and the superlattice t re   -
 through  iti  temperature  it
, diffusionless transition occurs.  transition the 
t positions cooperatively by    A, 
panied an exothermic heat e fect of Af er this 
the   er lattice  , and the  A 
i   g . 0 
iated this transition the   -
possesses plastically deformed 
 transition temperatur  recover their original shape 
beyond the transition temperature. Since this  
ionles  tr siti , this ge can occur very rapidly, 
depending on h e a t i n g  r a t e s ,  etc.  S u r p r i s i n g l y   l a r g e   f o r c e s   a r e  
developed by mater ia l  deformed below the t ransi t ion temperature  
and   cons t ra ined   dur ing   hea t ing .  T e n s i l e  stresses as h i g h  a s  
67 000 ps i  have  been  observed  in  w i r e s  t h a t  a r e  h e a t e d  p a s t  t h e  
t r a n s i t i o n  t e m p e r a t u r e  w h i l e  c o n s t r a i n e d  b y  r i g i d  c l a m p s .  Wang 
has  shown i n  r e c e n t  work t h a t  t h e  t r a n s i t i o n  t e m p e r a t u r e  i s  re- 
l a t e d  t o  f ree  e l ec t ron   concen t r a t ion .   Th i s  is a l s o  c o n s i s t e n t  
w i t h  o b s e r v e d  l a r g e  c h a n g e s  i n  e l e c t r i c a l  r e s i s t i v i t y  ( u p  t o  
50 p e r c e n t )  a t  t h e  t r a n s i t i o n  t e m p e r a t u r e .  
Because of  the l imited amount o f  eng inee r ing  da ta  ava i l ab le  
f o r  t h i s  m a t e r i a l ,  a prel iminary experimental  program was under- 
t a k e n  t o  c h a r a c t e r i z e  some of  the thermomechanical  propert ies  of  
55-Nit inol  w i r e .  These r e su l t s  i n d i c a t e   t h a t   t h e   m e c h a n i c a l  man- 
i f e s t a t i o n  ( i - e . ,  t h e  d i s c o n t i n u o u s  d i m e n s i o n a l  c h a n g e  a s s o c i a t e d  
w i t h   t h e   t r a n s i t i o n )  i s  a s t rong   func t ion   o f   app l i ed  stress. I n  
f a c t ,  two d i s t i n c t  t e m p e r a t u r e s  a t  which dimensional changes 
occur   are   observed  in   samples  subject  t o  t ens i l e  stress. A h igher  
t r a n s i t i o n   t e m p e r a t u r e  i s  ob ta ined   du r ing   t he   hea t ing   cyc le :  a 
lower  t rans i t ion  tempera ture  i s  obta ined  dur ing  cool ing .  
Inves t iga t ion  o f  t h , e  s t r e s s - s t r a in  . n r ,ope r t i e s  o f  annea led  55- 
N i t i n o l  w i r e  a t  c o n s t a n t  t e m p e r a t u r e  b e l o w  t r a n s i t i o n  s h o w s  a 
very low appa ren t  y i e ld  th re sho ld  fo l lowed  by  l a rge  e longa t ion  
( 6  p e r c e n t )   a t   a p p r o x i m a t e l y   c o n s t a n t  stress. This  i s  followed 
by a marked i n c r e a s e  i n  modulus w i t h  r e l a t i v e l y  s m a l l  p l a s t i c  
de fo rma t ions   t o   h igh  stress l e v e l s   p r i o r   t o   f r a c t u r e .   T h i s  
s t r a i n - h a r d e n i n g  e f f e c t  a p p e a r s  t o  be un id i r ec t iona l  i nasmuch  a s  
upon stress reversa l  in  bending  and  tors ion  exper iments ,  l a rge  
reverse  deformat ions  a t  low stress l e v e l s  are again obtained.  
F i n a l l y ,  it has been shown t h a t  s t r e s s e d  m a t e r i a l  i s  capable  
not only of recovering mechanical energy expended during the 
quas iduc t i l e  de fo rma t ion  be low the  t r ans i t i on  t empera tu re ,  b u t  
t h a t  a p o r t i o n  o f  t h e  l a t e n t  h e a t  of t ransformat ion  becomes a v a i l -  
a b l e  i n  t h e  form  of  mechanical  energy.  Hence,  the  material   can 
be c o n s i d e r e d  a s  " s o l i d  s t a t e  w o r k i n g  f l u i d "  i n  t h e  s e n s e  o f  
thermodynamic  power gene ra to r s .  
S e v e r a l  t y p i c a l  p r o p e r t i e s  o f  t h e  n e a r  s t o i c h i o m e t r i c  N i T i  
i n t e r m e t a l l i c  compound 55-Nit inol  (55 we igh t  pe rcen t  N i )  taken 
from Reference 2 a r e  l i s t e d  below. 
p ing rates, i ly large forces are 
ed by material deformed below the transition temperature 
 constraine  during heating.     as 
  have been observed in  are heated past the 
 temperature while constrained by rigid clamps. 
 recent the transition temperature  
ted to e concentration. This   consistent 
 obser large changes in ele trical resistivi y (up to 
ent) at the transition temperature. 
ause of the limited t engin ering d ta av i able 
r this material,   experimental program  
en to characterize   the thermomechanical rop rties of 
 t  that th  mechanical 
 (i e., the discontinuous d mensional change associated 
th the transition)    function of applied  
t, temperatur at i  dimensional changes 
r are obs rved in samples      
 temperature  i e  during the heating cycle;  
er transition temperature   during cooling. 
of the stress-strain ,>;'Iroperties of annealed 
l e constan  temperature below transition shows  
 l  t yield threshold f llowed large elongation 
6 nt) t approximately constant .   ll  
 se n th relati ely small plastic 
f r ations to high  ls prior to fracture. This 
i - arde ing e fect appears to l inasmuch as 
 s l in bending and torsion experiments, large 
deformations t  ls  obtained. 
lly,  b en  stressed material s l  
 only of recovering me hanical energy xpended during the 
deformation below the transition temperature, t 
t  tion of the latent heat    
le in the r  of mechanical energy. H nce, the material can 
sidered  "solid state working fluid" in the sense of 
t i  power . 
ral typical properties of the near st ichiometric i 
r llic  5 i t percent i)  
fro  Reference  re li . 
3 
( a )  G e n e r a l   P h y s i c a l   P r o p e r t i e s  
Dens i ty  - 6.45 g/cm 3 
Mel t ing  po in t  - 131OOC 
Magnet ic  permeabi l i ty  - <1.002 
E l e c t r i c a l  r e s i s t i v i t y  - -80 u ohm c m  a t  2 O o C  
- - 132 1-1 ohm c m  a t  900°C 
Mean c o e f f i c i e n t  of 
thermal   expansion - 10.4 x 10m6/OC  (24O - 900OC) 
Forming - conven t iona l  ho t  work ing  d i r ec t ly  f rom a rc -  
m e l t e d  i n g o t  a t  t e m p e r a t u r e s  o f  7OOOC t o  
950OC.  Room temperature   working  possible  
w i t h  i n t e r m e d i a t e  a n n e a l s  a t  800OC. 
(b )  Mechanical   Propert ies  a t  Room Temperature 
( b e l o w  t r a n s i t i o n  t e m p e r a t u r e )  
U l t i m a t e  t e n s i l e  s t r e n g t h  - 1 2 5  000 p s i  
Y i e l d  s t r e n g t h ,  0.2% o f f s e t  - 30 000 p s i  
T o t a l  e l o n g a t i o n  - 22% 
Reduc t ion  in  a rea  - 20% 
Impact,  unnotched - 117 f t - l b  ( 2 O O C )  
- 7 0  f t - lb   ( -80°C)  
- 155 f t - lb*(20°C)  
- 160 f t - lb* (-80°C) 
Fa t igue  - ( R . R .  MGore - n o  f a i l u r e  i n  25 x 10 c y c l e s ,  6 
70 000 p s i  r o t a t i n g  beam t e s t )  
* 55.1   weight   percent  Xi; 44.8 T i :  0.08  Fe. 
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The the rmomechan ica l  p rope r t i e s ,  pa r t i cu la r ly  o f  t he  55- 
N i t i n o l  compounds, cannot  be e x p l a i n e d  s o l e l y  on t h e  b a s i s  of 
e i t h e r  t h e  n a t u r e  of c o v a l e n t  b o n d i n g  i n  i n t e r m e t a l l i c s  o r  b y  
t h e  c o n v e n t i o n a l  d i s l o c a t i o n  t h e o r y  of d u c t i l i t y  i n  metals. 
Nei ther  are a n a l o g i e s  d e r i v e d  from the rheology of the rmop las t i c s  
and rubber m a t e r i a l s   f u l l y   s a t i s f a c t o r y .   I n d e e d ,   n o   t h e o r e t i c a l  
b a s i s  a p p e a r s  t o  be a v a i l a b l e  a t  t h i s  t i m e  which i s  c o n s i s t e n t  
w i th  a l l  exper imenta l  observa t ions .  No a t t empt  w i l l  be made h e r e  
t o  e s t a b l i s h  s u c h  a basis; however ,   severa l   qua l i ta t ive   obser -  
va t ions  should  be no ted  wh ich  a re  ind ica t ive  of t h e  n a t u r e  of 
deformation mechanisms that could conceivably be involved. 
C r y s t a l l o g r a p h i c  s t u d i e s  b y  Wang sugges t  a simultaneous and 
coopera t ive  movement of atoms i n  s p e c i f i c  c r y s t a l  p l a n e s  a s  t h e  
t r ans i t i on   t empera tu re   r ange  i s  t r a v e r s e d .   I f   s u c h  movements 
become d i r e c t i o n a l l y  b i a s e d  b y  a p p l i e d  m e c h a n i c a l  stress, then 
t h e  mechanism o f  c r y s t a l l o g r a p h i c  t w i n n i n g  s u g g e s t s  i t s e l f ,  and 
a n  e x p l a n a t i o n  f o r  t h e  l a r g e  q u a s i p l a s t i c  d u c t i l i t y  of the mater-  
i a l s  can be construed.  Since  such  motions w i l l  involve  s imultan-  
eous ly  a ve ry  l a rge  number of atoms, they w i l l  n o t  be a c t i v a t e d  
b u t  r a t h e r  i n h i b i t e d  b y  t h e r m a l  a c t i o n .  The lower  the  tempera- 
t u r e ,  t h e  e a s i e r  it w i l l  be to  s t r e s s -ac t iva t e  such  mot ions ;  
h e n c e  t h e  m a t e r i a l s '  a p p a r e n t  " d u c t i l i t y "  w i l l  be r e t a i n e d  a t  low 
t empera tu res .   Spec i f i ca l ly ,   t he   o rde r ing   o f   t he  9 A s u p e r l a t t i c e  
be low the  t r ans i t i on  t empera tu re  w i l l  a l l e v i a t e  r e s i s t a n c e  t o  
t h i s  movement. Also, it may be expec ted  tha t  be low the  t r ans i t i on  
tempera ture   covalen t  ( i - e . ,  space-or ien ted)   bonds   across   ad jacent  
l a y e r s  w i l l  t e n d  t o  be rep laced  by  nonor ien ted  meta l l ic  bonds .  
Ev idence  fo r  t h i s  is  found i n  the  observed  rap id  decrease  i n  elec- 
t r i c a l  r e s i s t i v i t y  a s  t h e  t e m p e r a t u r e  i s  lowered  through  the 
t r a n s i t i o n  r e g i o n .  
The c r y s t a l  s t r u c t u r e  o f  s to i ch iomet r i c  N i T i  (11) phase,  
r epor t ed  by  Wang, ind ica tes  l inear  a tomic  sequences  of  T i - T i - N i -  
T i - T i  and N i - N i - T i - N i - N i  i n  a d j a c e n t  l a y e r s  o f  t h e  c r y s t a l  s t r u c -  
t u r e .  A somewhat s implif ied,   two-dimensional  model o f   t h i s   a r -  
rangement i s  shown i n  F i g u r e  1, the  sma l l e r  da rk  c i rc les  i n d i c a t -  
i ng  the  sma l l e r  (bu t  heav ie r )  n i cke l  a toms ,  t he  l a rge r  wh i t e  
c i rc les  i n d i c a t i n g  t h e  l a r g e r  ( b u t  l i gh te r )  t i t an ium a toms .  
F i g u r e  l a  shows a hypo the t i ca l  a r r angemen t  fo r  an  uns t r a in -  
e d ,   f u l l y   a n n e a l e d  N i T i  c r y s t a l  a t  low temperature .   Figure lb 
shows t h e  same c r y s t a l  deformed  by  shear stress. The deformation 
invo lves  coope ra t ive  movements of a l l  atoms i n  a s i n g l e  row by a. 
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 cooperative l    · 
f r a c t i o n  o f  a t o m i c  d i s t a n c e .  
W e  n o t e  t h a t  f u r t h e r  s h e a r i n g  m o t i o n  i n  t h e  d i r e c t i o n  o f  
app l i ed  stress i s  inhibi ted by the impending interference o r  
"conjunct ion" of  two l a r g e  t i t a n i u m  a t o m s  i n  e a c h  u n i t  c e l l  of 
ad jacen t  rows ,  t hus  l imi t ing  the  ex ten t  o f  de fo rma t ion  a t  low 
stress leve ls .   Reversa l   o f  stress a t  t h i s  l e v e l  w i l l  again  cause 
c o o p e r a t i v e  s h e a r i n g  m o t i o n  a t  r e ' l a t i v e l y  low stress l e v e l s  u n t i l  
t i t an ium a tom in t e r f e rence  is again reached a t  t h e  o p p o s i t e  e n d  
of   the  low-stress   deformation domain. I n   b r i e f ,   t h e   p o s t u l a t e d  
model provides  two u n i d i r e c t i o n a l  " s t o p s "  t o  s h e a r i n g  m o t i o n ,  
within which the material  can deform a t  low l e v e l s  o f  a c t i v a t i n g  
stress. 
F u r t h e r  i n c r e a s e s  i n  stress w i l l  c a u s e  t h e  m a t e r i a l  t o  be- 
have e s s e n t i a l l y  e l a s t i c a l l y  u n t i l  a d d i t i o n a l  a n e l a s t i c  s h e a r i n g  
motions become possible  by breakthrough of  the ' Is tops ' '  formed  by 
the   t i t an ium  con junc t ions .  Only  such add i t iona l   mo t ions  w i l l  
t hen  cons t i t u t e  pe rmanen t ,  i r r eve r s ib l e  de fo rma t ions  o f  t he  mate- 
r i a l  i n  t he  no rma l  me ta l lu rg ica l  sense and provide a new macro- 
s cop ic  equ i l ib r ium shape  to  wh ich  the  ma te r i a l  w i l l  r e v e r t .  
L e t  u s  now examine  the  e f fec t  o f  an  increase  i n  temperature.  
The r e l a t i v e l y  l i g h t e r  t i t a n i u m  a t o m s  w i l l  t e n d  t o  v i b r a t e  a t  
l a r g e r  a m p l i t u d e s  a r o u n d  t h e i r  e q u i l i b r i u m  p o s i t i o n s  a n d  t h u s  e x -  
e r t  a r e p u l s i v e   d i a g o n a l   f o r c e   a l o n g   t h e   c o n j u n c t i o n   s t o p .  The 
s t a t i s t i c a l l y  p r e f e r r e d  a r r a n g e m e n t  now i s  one of randomly dis- 
t r i b u t e d  l e f t - r i g h t  s h i f t s  of a d j a c e n t  l a y e r s ,  a s  shown schemat- 
i c a l l y   i n   F i g u r e  IC. W e  no te   t ha t   t he   sys t ema t i c   (macroscop ic )  
shear   deformation  of   Figure lb  has  been removed. F u r t h e r ,  we  
note  that  the thermal  motion of  the atoms (and the at tendant  dis-  
order ing  of   the  9 s u p e r l a t t i c e )  w i l l  t e n d   t o   i n h i b i t   f u r t h e r  
q u a s i p l a s t i c  d e f o r m a t i o n s  from t h i s  thermal  equi l ibr ium s t r u c t u r e  
I t  a p p e a r s  r e a s o n a b l e  t o  e x p e c t  t h a t  t h e  t e m p e r a t u r e  a t  which re- 
covery occurs m u s t  i n c r e a s e  w i t h  i n c r e a s i n g  stress. 
The p o s t u l a t e d  c o o p e r a t i v e  l i m i t e d - s l i p  mechanism i s  sugges- 
t i v e  o f  t h e  t w i n n i n g  d e f o r m a t i o n s  o f  c e r t a i n  m i n e r a l  c r y s t a l s ,  
b u t  d i f f e r s  from t h e  d i s l o c a t i o n  m o b i l i t y  mechanism i n  conven- 
t i o n a l   m e t a l s .  Hence ,  t h e   i n i t i a t i o n   o f   c y c l i c   f a t i g u e   c r a c k s  
b y  d i s l o c a t i o n  p i l e - u p  a t  s u r f a c e s  a n d  b a r r i e r  s i t e s  should not  
occur.  The large  macroscopic   deformation a t  low stress l e v e l s  
a l s o  w i l l  p r o v i d e  a n  e f f e c t i v e  r e l i e f  mechanism f o r  stress con- 
c e n t r a t i o n s  a t  no tches   o r   i nc ip i en t   c r acks .   Th i s  i s  c o n s i s t e n t  
w i th  the  appa ren t  i n sens i t i v i ty  o f  t he  ma te r i a l  t o  l ow-cyc le  
6 
I 
of atomic distance. 
  that further shearing mot on in the direction of 
 i ited by the impending   
of  titanium atoms in each unit  
rows, thus limiting the ext nt of deformation at 
 . Reversal of  this level l cause 
tive shearing motion at re'latively   
atom interference  reached the opposite end 
the low- tress deformation brief, the postulated 
"stops" to shearing motion, 
 which the material can deform t of activating 
r increases in  l se the material to 
ll  elasti all   anelastic shearing 
i l  by breakthrough of the "stops" by 
itanium conjunctions. such l motions l 
 constitute perma ent, irreversible deformations of the -
l  normal metallurgical  provide  -
 equilibrium shape to w ich the material l 
  ine the effect of an increase  
ly lighter titanium atoms l nd t vibrate at 
amplitudes around their equilibrium positions and thus ex-
diagonal force along the conjunction stop. 
ti tica ly pr ferred rrangement   of randomly dis-
ted left-right shifts  t layers, as t-
in Figure lc.  that the sys emati  (macroscopic) 
deformation of Figure    
that t e thermal motion f the atoms (and the attendant dis-
o 
of the A i ) l to inhibit further 
t  deformations   equilibrium . 
rs reaso a l to expect hat the temperature  
o curs   with increasing 
c operative limited-slip  
of the tw ning deformations of certain mineral crystals, 
 rs  dislocation mob lity  -
metals. initiation of cyclic fatigue cracks 
 pile-up at surfaces and ba rier   not 
macroscopic deformation t  
 l i e an effective r lief   -
  s or ncipient crack . This  
 the apparent i ens ivi y of the material to low-cycle 
 
f a t igue  in  the  p l a s t i c  de fo rma t ion  r ange  and  cons i s t en t  w i th  i t s  
exce l l en t  no tch - impac t  r e s i s t ance .  
0 
R e f e r r i n g  t o  F i g u r e  lb, a s l i p  motion of 0.8  A w i l l  produce 
a maximum recoverable  shear ing  angle  of  approximate ly  0 .25  rad ian .  
From t h i s ,  maxLmum recoverable  deformation of  the order  of  1 2  per- 
c e n t  a x i a l  e l o n g a t i o n  c o u l d -  be e x p e c t e d  i n  s i n g l e ,  p e r f e c t l y  o r i -  
ented  crystals .   Actual   measurements   have shown recovery  of up t o  
10 percent elongation which compares w e l l  wi th  the  pred i .c ted  va lue .  
The s t ress - induced  order ing  mechanism provided by the postula-  
t ed  t i t an ium con junc t ion  s top  would expla in  the  observed  increase  
i n  t e m p e r a t u r e  a t  which deformation recovery takes  place in  stress- 
ed samples. A s  t h e   a p p l i e d  stress inc reases ,   h ighe r   t he rma l   ac t i -  
va t ion  w i l l  be r equ i r ed  to  p roduce  random arrangement of the adja- 
cen t  l a y e r s  . 
I f  t h e  deformation recovery i s  indeed a d i r e c t  r e s u l t  of 
t he rma l  sho r t - r ange  d i so rde r ing  of t h e  9 w s u p e r l a t t i c e ,  it w i l l  
be expec ted  tha t  unavo idab le  sma l l  cyc l i c  va r i a t ions  in  t empera -  
t u r e  i n  t h e  v i c i n i t y  o f  t h e  t r a n s i t i o n  t e m p e r a t u r e  w i l l  cause  the  
m a t e r i a l ' s  p r o p e r t i e s  t o  u n d e r g o  c h a n g e s  w i t h  a g i n g  a n d  be p a r t i c -  
u l a r l y  s e n s i t i v e  t o  t h e  c o m p l e t e  t h e r m a l  h i s t o r y  s u b s e q u e n t  t o  t h e  
in i t i a l  h igh - t empera tu re  annea l ing  p rocess .  
F i n a l l y ,  some i n t r i g u i n g  a n a l o g i e s  w i t h  t h e  t h e r m o e l a s t i c  
behavior  of rubber may be no ted .  In  bo th  cases ,  t he  the rma l  mo- 
t ion and tendency to  randomized molecular  arrangements  appear  to  
be r e spons ib l e   fo r   t he   r ecove ry  of deformations.  Also i n  bo th  
cases  the  degree  of recoverable  deformation i s  l imi ted  by  mechan- 
i c a l  i n t e r a t o m i c  bond cons t r a in t s .   Th i s   mechan ica l   cons t r a in t  i s  
provided ,  in  the  case  of  N i T i ,  by  the  pos tu l a t ed  t i t an ium con- 
j u n c t i o n :   i n   t h e   c a s e   o f  rubber, b y   o r i e n t a t i o n  (stress c r y s t a l -  
l i za t ion  and  removal  of  the  ro ta t iona l  degrees  of  f reedom)  in  ran-  
domly coiled polymer molecules.  
The t en ta t ive  de fo rma t ion  model concept  descr ibed here  i s  
incomplete  and  crude a t  best. I t  does   no t ,   f o r   i n s t ance ,   accoun t  
s a t i s f a c t o r i l y  f o r  t h e  e l e c t r o n i c  m a t e r i a l ' s  p i : o p e r t i e s  c h a n g e s  
nor does it cons ider  t h e  e f f e c t s  o f  c h a n g e s  i n  t h e  n a t u r e  o f  
chemical bonds which are obviously taking place during the tran- 
s i t i o n .   R e g a r d l e s s ,  it is compatible wit.h some of  the  experimen- 
t a l  o b s e r v a t i o n s .  
A func t iona l  unders tanding  of  these  mechanisms w i l l  have t o  
be developed by f u r t h e r  s c i e n t i f i c  s t u d i e s  t o  a l l o w  a f u l l  
i in the plastic deformation range and consistent with ts 
notch-i pact resistance. 
o 
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TEST PROGRAM 
Two types  of  55-Ni t ino l  w e r e  u s e d  i n  t h e  t es t  program: 
Type Wire Diameter  Composition* 
( i n .  ) - C - N i  T i  -
I 0.026 
I1 0.020 
0 .07  B a  1. 44.6 
0.06 54.6 Ba 1. 
Upon r e c e i p t  a t  A s t r o  R e s e a r c h  C o r p o r a t i o n ,  t h e  Type I t e s t  
m a t e r i a l  was c o n d i t i o n e d  b y  h e a t i n g  i n  vacuum t o  522OC i n  29 
seconds,  fol lowed by 7 . 3  seconds a t  522OC, then  subsequent  cool -  
ing.  
For some o f  t he  t es t s  t h e  w i r e  of both Types I and I1 w a s  
r o l l e d  t o  form s t r ip s  measu r ing  abou t  4  x 55 m i l s  i n  a n  expe r i -  
m e n t a l  r o l l i n g  m i l l  developed a t  Astro.  The w i r e  w a s  hea ted  
be fo re   pas s ing   t h rough   t he   ro l l e r s .   Reduc t ion   o f  area i s  
ach ieved  by  mul t ip l e  pas ses ,  w i th  a f i n a l  c o l d  p a s s .  D e t a i l s  
o f  t h e  s t r i p  f a b r i c a t i o n  p r o c e s s  a r e  given in  Appendix A.  
S t r e s s - S t r a i n  Tests 
A x i a l  s t r a i n  tes ts  w e r e  conducted on b o t h  w i r e  a n d  s t r i p  
s a m p l e s ,  a n d  t o r s i o n a l  s t r a i n  tests w e r e  conducted on w i r e .  I n  
t h e  a x i a l  s t r a i n  t e s t i n g ,  a length  of  w i r e  o r  s t r i p  was suspended 
from a clamp and loaded by at taching cal ibrated weights .  Elonga-  
t i o n s  w e r e  measured by a micrometer-mounted t rave l ing  microscope  
used t o  r e c o r d  t h e  d i s t a n c e  b e t w e e n  two bench marks on the t e s t  
sample.  Loads w e r e  a p p l i e d  i n  equal   increments  a t  i n t e r v a l s  o f  
approximately 3 minutes  wi th  e longat ion  readings  made a f t e r  
* From c e r t i f i e d  l a d l e  a n a l y s i s  s u p p l i e d  b y  S p e c i a l  M e t a l s  
Corp., U t i c a ,  New York 
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development of the technological potential inherent in materials 
of the 55-Nitinol type. 
  of 55-Nitinol  ed i  the 
ype 
 
I
ire ia eter 
. i 
l.
l. 
 at Astro Research Corporation, the   
l tioned heating in  °  
, followed by s  Q , subsequent cool-
the   e both   I  
led t    measuring about x  s   
tal ro ling l      
passing through the rollers. Reduction of  
ieved by mu le pa ses, with  cold pass. Details 
the str fabrication process   in Appendix 
ial   t    d 
ples, an torsional strain   
 axial strain testing,  of   st  
  p and loaded by attaching calibrated weights. Elonga-
  by  t r- ounted li  microscope 
record the distanc  b tween  bench marks on the  
Loads    increments   of 
t l  tes with elongation readings r 
 ladle analy is supplied by Special Metals 
., 
apparenk motion had  c sased .  De ta i l s  of t he  appa ra tus  and  p roced i  
u r e s  a re  given in  Appendix B. 
To p e r f o r m  t h e  t o r s i o n a l  s t r a i n  t e s t s ,  a w i r e  specimen w a s  
clamped v e r t i c a l l y  b e t w e e n  two chucks.   Torsional  moments w e r e  
appl ied  through a to rque  drum to the   upper   chuck.  A s  each moment 
increment w a s  a p p l i e d ,  a n  e lec t r ic  v i b r a t o r  was a c t u a t e d  t o  reduce 
f r i c t i o n  e f f e c t s  a t  low load   leve ls .   Angular   d i sp lacement  was 
measured  on t h e   t o r q u e  drum. D e t a i l s  o f  t h i s  t e s t  appara tus   and  
t h e  t e s t i n g  p r o c e d u r e s  a r e  g i v e n  i n  Appendix B. 
D a t a  d e r i v e d  f r o m  t h e  a x i a l  s t r e s s - s t r a i n  tests a r e  shown i n  
F igures  2 through 4. F igure  2 shows t h e  a x i a l  s t r e s s - s t r a i n  d a t a  
f o r  Type I N i t i n o l  w i r e  f o r  s i x  stress c y c l e s  a t  room tempera ture ,  
fol lowed by thermomechanical  s t ra in  recovery and by an addi t ional  
l oad   cyc le .   In   F igu re  3 a r e  shown s i m i l a r   c u r v e s   f o r   t h e  same w i r e  
a f t e r  t he  ma te r i a l  had  been  s to red  unde r  no rma l  l abora to ry  cond i -  
t i o n s   f o r   a p p r o x i m a t e l y  12 months. A r emarkab le   i nc rease   i n   t he  
i n i t i a l  y i e l d  p o i n t  of t h e  m a t e r i a l  w a s  observed i n  the  second se t  
of t e s t s ,  i n d i c a t i v e  o f  a n  a g i n g  e f f e c t  i n  t he   ma te r i a l .   Th i s  
a g i n g  e f f e c t  a p p e a r s  t o  be due t o  s m a l l  t e m p e r a t u r e  e x c u r s i o n s  i n  
t h e  v i c i n i t y  o f  room t empera tu re ,  t o  wh ich  the  ma te r i a l  i s  exposed 
du r ing   s to rage   (Ref .  5 ) .  
F igu re  4 shows s t r e s s - s t r a i n   d a t a   f o r  Type I1 ribbon.  The 
r ibbon was h e a t e d  t o  1 0 0 ° C  between each cycle b u t  n o  s i g n i f i c a n t  
thermomechanical  recovery w a s  observed. The t r a n s i t i o n   t e m p e r a t u r e  
w a s  l a t e r  d e t e r m i n e d  t o  be approximately 1 5 0 ° C .  The second  and s u b -  
s equen t  cyc le s  showed e s s e n t i a l l y  n o r m a l  e l a s t i c  behavior  of  the 
mater ia  1. 
Figures  5 and 6 show t h e  t o r s i o n a l  s t r e s s - v e r s u s - s t r a i n  c u r v e s  
of Type I m a t e r i a l ,  s t r a i n  r e c o v e r e d  a t  1 0 0 ° C .  For the  purpose  of 
t h e s e  g r a p h s ,  a n  e f f e c t i v e  a v e r a g e  s h e a r  stress was de f ined  a s  
where M = a p p l i e d   t o r q u e   ( i n - l b )  
T 
d = w i r e  d i ame te r  ( in .  ) 
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This assumes a f u l l y  p las t ic  stress d i s t r i b u t i o n  o f  u n i f o r m  
i s  de f ined  a t  t h e  s u r f a c e  o f  t h e  w i r e  
c i r c u m f e r e n t i a l  s h e a r i n g  stress th roughou t  t he  w i r e  cross s e c t i o n .  
The s h e a r i n g   a n g l e  , 
from 
'max I 
d = e -  
'max 2 L  
where 8 = r e l a t i v e   a n g l e   o f   r o t a t i o n   a t  bench-marked s e c t i o n s  
( r a d i a n s )  
4, = l ength  of  t e s t  specimen between bench marks (in.) 
Data shown i n  F i g u r e  5 were ob ta ined  by  app ly ing  pos i t i ve  
(c lockwise)   to rque   to   the   sample ,   removing   the   load ,   hea t ing   the  
sample t o  1 0 0 ° C  t o  e f f e c t  s t r a i n  r e c o v e r y ,  a n d  t h e n  r e v e r s i n g  t h e  
t o r q u e  d i r e c t i o n .  
Data shown i n  F i g u r e  6 were ob ta ined  by  app ly ing  load  r eve r -  
s a l   i n   e a c h   c y c l e   b e f o r e   s t r a i n   r e c o v e r y .   I n   e i t h e r   c a s e ,   r e c o v -  
e r y  w a s  o b t a i n e d  w i t h o u t  m e a s u r a b l e  r e s i d u a l  s t r a i n  i n  t h e  un- 
loaded condi t ion.  
Temperature-Elongation Tests ~. ~ 
A N i t i n o l  w i r e  sample of Type I was t e s t e d  f o r  a x i a l  s t r a i n  
a s  a func t ion  o f  t empera tu re  wi th  seve ra l  va lues  o f  cons t an t  p re -  
load. The w i r e  was hea ted  and  coo led  in  a l i q u i d  b a t h ,  a n d  t h e  
s t r a i n  measured f o r  a cons t an t  p re load  we igh t .  De ta i l s  o f  t he  
t e s t  appara tus  and  procedures  are  given in  Appendix B. 
To o b t a i n  a x i a l  s t r a i n ,  a n  o p t i c a l  image s p l i t t e r  was em-  
p l o y e d   t o  measu re  changes   i n  w i r e  l ength .  The fol lowing  formula 
was used: 
6 = 100 - A L  .e 
where 6 = a x i a l   s t r a i n   i n   p e r c e n t  
.t = o r i g i n a l  w i r e  l ength  under  pre load  a t  ambient 
tempera ture  
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 i  of temperature with several values of constant pre-
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i  r preload weight. the 
and procedures   in Appendix  
in axial strain, an optical ter -
ed to  ges in  formula 
E: t:..t 
t
E: stra in percent 
l  under preload   
t re 
= change of w i r e  l ength  a t  t es t  temperature  
The procedure w a s  t o  a d j u s t  t h e  t e m p e r a t u r e  of t h e  b a t h  a n d  
t a k e  i m a g e - s p l i t t e r  r e a d i n g s  a t  t h e  new temperature.  The  temp- 
e ra tu re  inc remen t s  w e r e  var ied ,  depending  upon the  p rox imi ty  of 
t h e  w i r e  t empera tu re   t o   t he   t r ans i t i on   r eg ion .   Af t e r   e s t ab l i sh -  
ing the upper  and lower t ransi t ion temperatures  a t  which large 
changes of w i r e  l ength  occurred ,  the  tempera ture  increments  i n  
these narrow bands w e r e  r educed  in  o rde r  t o  ob ta in  c lose  spac ing  
of s t r a i n  d a t a  p o i n t s .  
I n  a t y p i c a l  t e s t ,  the sample was pre loaded  and  the  sca le  se t  
f o r  z e r o  a x i a l  s t r a i n  a t  a m b i e n t  t e m p e r a t u r e  ( a b o u t  20OC). The 
sample w a s  then cooled down t o  -5OoC, r e c o r d i n g  a x i a l  s t r a i n  a t  
5- t o  10-degree  increments i n  temperature.  The sample was then 
hea ted  up i n  i n c r e m e n t s  t o  + 1 5 0 ° C , a g a i n  r e c o r d i n g  a x i a l  s t r a i n .  
I n  t h e  c a s e  of t h e  40-pound preload,  the upper  temperature  was 
i n c r e a s e d  t o  +165"C. Af t e r   r each ing   t he  maximum tempera ture ,  
the sample w a s  aga in  cooled  down incremental ly  to  ambient  condi-  
t i o n s .  
Data   po in ts  w e r e  ob ta ined  a t  preloads  of  1, 5 ,  10, 2 0 ,  30, 
and 40 pounds. A summary p l o t  of approximated  s t ra in- temperature  
" h y s t e r e s i s   l o o p s "  i s  g iven   i n   F igu re  7.  I n  F igure  8 a r e   p l o t t e d  
t h e  upper  and lower approximate t ransi t ion temperatures  as  a func- 
t i o n  o f  p r e l o a d  f o r  t h i s  w i r e  sample. 
Thermomechanical-Enerqy Conversion 
These experiments w e r e  performed t o  measure the work  done  by 
Type I N i t i n o l  w i r e  dur ing  load-temperature   cycl ing.  A N i t i n o l  
w i r e  sample  having a diameter  of 0 .026  i n .  and a l eng th  of 13.30 
i n .  was used. The w i r e  was f i r s t  loaded  with 30 pounds a t  ambient 
temperature .  I t  was then   hea ted   to   above   the   upper   t rans i t ion  
t empera tu re ,  caus ing  the  sample  to  con t r ac t  by  s t r a in  r ecove ry .  
Then the  load  was  reduced t o  10 pounds, causing some a d d i t i o n a l  
s t r a i n  r e c o v e r y  a t  c o n s t a n t  t e m p e r a t u r e .  Then t h e  w i r e  was 
c o o l e d   t o  room temperature .  A s  t h e  w i r e  t empera ture   t raversed  
the  t r ans i t i on  r eg ion  o f  approx ima te ly  4OoC,  e l o n g a t i o n  a t  con- 
s t a n t  stress was observed .   F ina l ly ,   the   p re load  was r e s t o r e d  t o  
t h e  o r i g i n a l  30 lb which brought the w i r e  back t o  i t s  o r i g i n a l  
cond i t ion  of load and elongat ion.  
The  work performed is  the  load  mul t ip l i ed  by  the  con t r ac t ion  
of t h e  N i t i n o l  w i r e .  As shown i n  F i g u r e  9 ,  two runs  w e r e  made 
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w i t h  good r e p e a t a b i l i t y .  The u s e f u l  work  computed f o r  t h e  t w o  
runs  w a s  11.0 and 10.8 i n - l b ,  r e s p e c t i v e l y .  
D i f f e r e n t i a l  T h e r m a l  Tests 
Using a Perk in-Elmer  Dif fe ren t ia l  Scanning  Calor imeter ,  a 
series of  runs  w a s  made on two samples of Type I w i r e  t o  o b s e r v e  
h e a t  e f f e c t s .  Each   sample   cons is ted   o f   f ive   l engths   o f  w i r e ,  
each  approximately  0 .25  in .   long.   Total   sample  weights  w e r e  51.60 
and  56.13 mg, respec t ive ly .   Samples  w e r e  e n c a p s u l a t e d   i n   s t a n d a r d  
Perkin-Elmer aluminum sample pans and run i n  a n i t rogen  a tmosphere  
a t  a temperature scan speed of 1 0 ° C  p e r  m i n u t e ,  w i t h  a f u l l - s c a l e  
t h e r m a l   s e n s i t i v i t y   o f   0 . 0 0 8   c a l o r i e   p e r   s e c o n d .  The temperature  
and  s ign  o f  changes  in  l a t en t  hea t  w e r e  o b s e r v e d ,  q u a n t i t a t i v e  
hea t  changes  ca l cu la t ed  where  poss ib l e ,  and  hea t  capac i ty  ca l -  
c u l a t e d  a t  s e v e r a l  t e m p e r a t u r e s  
c i f i c  h e a t  a r e  tabula ted  be low:  
The va lues  de te rmined  for  spe-  
OC 
-48 
-23 
+77 
+97 
+437 
S p e c i f i c  H e a t  
cal/gram-deq. 
0.110 
0.109 
0.109 
0.111 
0.113 
TABLE I. SPECIFIC HEAT - TYPE I N I T I N O L   W I R E  
T h e s e  v a l u e s  f o r  s p e c i f i c  h e a t  a r e  c l o s e  t o  t h e  v a l u e  e x p e c t e d  b y  
compar ison  wi th  t i t an ium and wi th  n icke l :  the  increase  wi th  in-  
c r eas ing  t empera tu re  a l so  appea r s  no rma l .  
Measurement of h e a t  e f f e c t s  d u r i n g  t e m p e r a t u r e  c y c l i n g  shows 
t h a t  b o t h  t h e  c h a r a c t e r i s t i c  t e m p e r a t u r e  a n d  t h e  m a g n i t u d e  o f  t h e  
h e a t  e f f e c t s  a re  a f f e c t e d  b y  t h e r m a l  h i s t o r y .  When c y c l i n g  temp- 
e ra tu re  w i t h i n  t h e  o v e r a l l  t e m p e r a t u r e  r a n g e  of -8OO t o  +5OO0C, it 
is found t h a t  c h a n g e s  i n  l a t e n t  h e a t  o c c u r  b e t w e e n  - 4 O O  and +54OC. 
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ese val for specific heat are close to the value expected by 
arison it itanium and w th nickel; th ncrease with in-
temperature also appears normal. 
of e fects during temperature cycling 
both the characteristic tempe ature and the magnitud of the 
t e fects  by thermal history.  
  the overall temperature range 0°  00°C, 
changes in latent heat occur between _40°  ° .
 
On h e a t i n g ,  s t a r t i n g  from - 8 O o C ,  e i t h e r  one o r  two  endothermic 
t r a n s i t i o n s  o c c u r ,  b o t h  o c c u r r i n g  o v e r  a narrow temperature range, 
one  centered a t  + 4 7 O  and  the  second a t  +54O. Occurrence of t h e  
peak a t  +47O apparent ly   depends on p r i o r  t h e r m a l  h i s t o r y .  On cool- 
i ng ,  up t o  t h r e e  e x o t h e r m i c  t r a n s i t i o n s  a r e  o b s e r v e d  b e t w e e n  + 4 7 O  
and -40°, again depending on p r io r  t he rma l  h i s to ry .  
The d e t a i l s  o f  s e v e r a l  t e m p e r a t u r e  c y c l e s ,  r u n  u s i n g  t h e  two 
s e p a r a t e  t e s t  samples,  are shown in  Tab le  11. 
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 o cur, both occurring over   temperature range, 
 centered  7° th  second t 4°.  
 7° tl  depends thermal history.  l
 thr  exothermic transitions are observed between 7° 
°, depending thermal history. 
of s veral temperature cycles, ru  using the 
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Heat Peak Temp. A H  
E f f e c t  Shape 'C ca l /q  
Sample 1 
Anneal i n  vacuum a t  522' 
S tore  4 months 
Cool, +25 t o  -80' 
Heat,  -80 t o  +140" 
Sample 2 
Anneal  in  vacuum a t  522" 
S t o r e  4 months 
Heat,  +20 t o  +161' 
Cool, +161 t o  +15" 
Heat,  +15 t o  +80° 
C o o l ,  +95 t o  -80' 
Heat,  -80 t o  +160° 
Heat t o  300" 
Cool ,  +lo0 t o  -80" 
Heat,  -80 t o  +100" 
Heat,  + I O 0  t o  500' 
Cool, + l o 0  t o  -60" 
1 2 )  Heat,  -60 t o  + loo"  
exo  broad 
endo  sharp 
v. sha rp  
-40 
+47 
+54 
1.26 
- 
endo  sharp  ca +54 - 
exo  sharp  +45 - 
endo  sharp  +54 1.53 
exo sha rp  +44 2.08 
exo broad -40 2.14 
endo  sharp 
v.  sharp  +54
+47 I 4.74 
exo sha rp  +47 >2.08 
exo broad  -40 ca  2.14 
endo  sharp 
v. sha rp  +54 >4.74 
none 
exo  sharp +39 2 . 2 1  
exo medium - '1  3.29 exo medium - 8  
endo  sharp +54  5.56 
TABLE 11. DIFFERENTIAL THERMAL DATA - TYPE I N I T I N O L  WIRE 
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1)   0 
 
2) ool    0  broad   2
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. 
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1) l in  0 
st r  
2) +20  16P  sharp ca 
3) ool,   0 sharp +45 
4) +15  0  sharp +54 . 53 
5)    0 s r   
  
6)    0  sharp +47 ~  
sharp +54 
7)  0 
8)  10   0  s r  
 2.14 
9)   0  sharp +47 
  
10) , 10  0 
11) l  10   0  sharp 
 i  - ~~   -
)    100 0  sharp  5.56 
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APPLICATIONS OF N I T I N O L  TO DEPLOYABLE  STRUCTURES AND TO MECHANISMS 
Desiqn Concepts 
Des ign  concepts  for  appl ica t ions  of  the  thermomechanica l  mem- 
o r y  e f f e c t s  o f  N i t i n o l  c a n  be c a t e g o r i z e d  b y  r e f e r e n c e  t o  two 
t y p e s  o f  c h a r a c t e r i s t i c s .  The f i r s t  two descr ibed  below refer t o  
the   spec i f ic   func t ion ing   of   the   Ni t ino l   e lement ;   the   second two 
re fe r  t o  the  sys t ems  r equ i r emen t s  i n  wh ich  the  Ni t ino l  e l emen t  i s  
t o   o p e r a t e  . 
Nature of Mechanical Effect.  - The thermomechanical memory 
e f f e c t  c a n  be employed to  p roduce  a des i red  d isp lacement ,  as shown 
schemat i ca l ly   i n   F igu re   l oa .  Such  displacements w i l l  be l a r g e  
compared t o  p u r e l y  e l a s t i c  deformations  induced  by  loads.  A l t e r -  
n a t i v e l y ,  t h e  e f f e c t  may be employed p r i m a r i l y  t o  g e n e r a t e  a f o r c e ,  
a s  shown i n  F igure  lob. Such a f o r c e ,   i n   t u r n ,   c a n  be u t i l i z e d  t o  
s t a b i l i z e  a n  o t h e r w i s e  c o l l a p s i b l e  s t r u c t u r e ,  f o r  i n s t a n c e ,  b y  
pre tens ioning  of  brace  w i r e s  o r  by  c lamping  of  jo in ts .  
Type of Deformation Employed. - For  s imple  Ni t ino l  e lements ,  
the  type  of  deformat ion  can  be c l a s s i f i e d  as i l l u s t r a t e d  i n  F i g -  
u r e  11: ax ia l   ex t ens ion   o r   compress ion ,  t w i s t  ( o r   s h e a r ) ,   a n d  
bending. 
Source of Thermal Enerqy. - The thermomechanical  effect  re- 
q u i r e s  a source of e n e r g y  t o  p r o d u c e  t h e  d e s i r e d  t r a n s i t i o n .  
Such energy can or iginate  f rom the environment  ( i . e . ,  s o l a r  h e a t -  
i n g ) :  i t  may be s u p p l i e d  a s  a byproduct   of   the   operat ing  system 
(such as waste heat of electronic components or thermodynamic 
machinery) :  or  it may be provided  by  an  auxi l ia ry  sys tem des ign-  
ed  fo r  t h i s  expres s  pu rpose .  
Operational  Sequence. - T h i s  d i s t i n g u i s h e s  a p p l i c a t i o n s  i n  
which a motion or  force i s  produced only once during the opera- 
t i o n a l  c y c l e  f rom those  where  repea ted  cyc les  a re  requi red  dur ing  
t h e  l i f e t i m e  o f  t h e  d e v i c e  w i t h o u t  s p e c i a l  r e c o n d i t i o n i n g  o f  t h e  
ma te r i a l .   Repea ted   cyc l ing   r equ i r e s ,   i n   gene ra l ,  an  e l a s t i c  
f o r c i n g  m e m b e r  t o  work in  coopera t ion  wi th  the  thermomechanica l  
recovery element, as shown schemat i ca l ly   i n   F igu re  12. This  
fo rc ing  dev ice  w i l l  p rovide  the  co ld  deformat ion  a t  l o w  tempera- 
t u r e s .  Deformations are then  recovered upon h e a t i n g ,  and restored 
upon coo l ing ,  i n  subsequen t  cyc le s .  
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of Mechanical Effect. 
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ll in Figure lOa. displacements l  
purely i  induced by loads. lt
, the effect  to generate  , 
  O  , in turn, can lized to 
 an otherwise collapsible , instance, by 
of brace  by clamping of joints. 
type 
Deformation   simple Nitinol elements, 
of deformation can i   in Fig-
l extensi n or compression, t shear), and 
of Thermal Energy. echanical ffect 
   rgy to produce th  desired transition. 
ch energy can originate from the environment  heat-
;  lied as  of th  operating system 
 as wast  heat of ele tronic components or thermodynamic 
); or  by n auxiliary system design-
 for this express purpose. 
ti l Sequence. s distinguishes applications in 
 i n or force   only once during the opera-
cycle  those where r peated cycles are req ired during 
lifetime of the d vice without sp ial reconditioning of the 
Rep ated cycling requires, in general,  ic 
i   c operation wi   thermomechanical 
,  l in Figure  
 device l the cold deformation   r -
 recovered  
 in subsequent cycles. 
 
A t y p i c a l  example f o r  a deployable  s t r u c t u r e  i n  the form 
of a hinged t u b e  i s  shown i n  F i g u r e  13. A f a m i l i a r  form  of 
t h i s  b a s i c  c o n c e p t  i s  found in  toys ,  where  t u b e s  and  beads  a re  
s t r u n g  t o g e t h e r  t o  form animal shapes which can be p a r t i a l l y  o r  
f u l l y  e r e c t e d  a n d  c o l l a p s e d  e i t h e r  b y  t e n s i o n i n g  o r  r e l a x i n g  t h e  
s t r i n g s .  I n  the   concept  shown h e r e ,  t h e  c e n t r a l  s t r i n g  is made 
from a N i t i n o l  w i r e  which al lows folding when s t r e t c h e d .  E r e c t i o n  
t a k e s  p l a c e  when t h e  a x i a l  s t r e t c h i n g  o f  t h e  w i r e  is recovered. 
The w i r e  i s  s t rung  over  pul ley  segments  such  tha t  tens ion  in  the  
w i r e  w i l l  gene ra t e  a hinge moment t e n d i n g  t o  s t r a i g h t e n  t h e  j o i n t .  
Rig id i ty  of  the  deployed  t u b e  i s  ob ta ined  a s  the  h inge  f l anges  
c o n t a c t  a n d  t h e  c e n t r a l  w i r e  t ens ion  i s  balanced by compression of 
t h e  t u b e  segments. A f u n c t i o n a l  model  of t h i s  d e v i c e  was f a b r i -  
cated and was found t o  o p e r a t e  s a t i s f a c t o r i l y .  
The p e r m i s s i b l e  r a t i o  o f  p u l l e y  s e g m e n t  r a d i u s ,  r, t o  e l emen t  
l eng th ,  L,  i s  l i m i t e d  b y  t h e  e l o n g a t i o n  r e c o v e r y  o f  t h e  c e n t r a l  
w i re ,  E i. e. , 
R '  
This device employs a d i s p l a c e m e n t  e f f e c t  ( r e c o v e r y  o f  a x i a l  
e l o n g a t i o n s  i n  t h e  w i r e )  for deployment and a f o r c e  e f f e c t  f o r  
s t a b i l i z a t i o n  i n  t he   fu l ly   dep loyed   cond i t ion .  The source  of 
ac t iva t ing  ene rgy  can  be e n v i r o n m e n t a l  ( e x p o s u r e  t o  s u n l i g h t  a f t e r  
e j e c t i o n  from a shaded ,   coo l   con ta ine r ) .  Programmed deployment  can 
be accompl i shed  by  se l ec t ive  hea t ing  o f  t he  cen t r a l  w i r e ,  f o r  
i n s t a n c e ,  b y  e l e c t r i c a l  r e s i s t a n c e  h e a t i n g .  The hinged t u b e  con- 
c e p t  i s  p r i m a r i l y  a single-motion  device.   Repeated  folding  and 
unfolding i s  r e l a t ive ly  s imple ,  however ,  s ince c o o l i n g  t h e  cent ra l  
w i r e  w i l l  a l l ow re fo ld ing  o f  t he  a s sembly  by  r e l a t ive ly  sma l l  
forces .  
Another example of a N i t i n o l  a p p l i c a t i o n  is a t e l e scop ing  
tube  which can be locked  in  i t s  f u l l y  e x t e n d e d  p o s i t i o n  b y  con- 
s t ruct ion  of   pre-expanded N i T i  r i n g s  (see Fig .  14 ) .  The a c t u a l  
deployment of the tube employs conventional means ( such  as  pres -  
s u r i z a t i o n ) .  The func t ion   o f   t he   N i t ino l   l ocks  is t o  e n s u r e  s t r u c -  
t u r a l  i n t e g r i t y  when deployed ,  by  pos i t ive ly  swaging  the  de ten t  
s t o p s  a t  t h e  end  of  the  deployment  motion. I t  i s  t h e r e f o r e  c l e a r -  
l y  a s ing le -mot ion  app l i ca t ion ,  t o  be used only once i n  o p e r a t i o n a l  
a p p l i c a t i o n s .  The thermomechanical memory element   here  ac t s  a s  a 
f o r c e  member and  the  force  i s  g e n e r a t e d  b y  d i r e c t  hoop stresses 
( c i r c u m f e r e n t i a l   e l o n g a t i o n ) .  Let t and R be the   t h i ckness  
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and   r ad ius ,   r e spec t ive ly ,   o f  a N i T i  r ing .  Then the  swaging  pres-  
s u r e ,  e x e r t e d  b y  t h e  r i n g  w i l l  be r e l a t e d   t o   t h e  thermomechan- 
i c a l  hoop stress, d by 
pS 
R’ 
Experiments have shown that thermomechanical recovery stresses of  
approximately 60 000 p s i  c a n  be sus t a ined ,  hence  fo r  r easonab le  
t / R  r a t i o s  v e r y  s u b s t a n t i a l  s w a g i n g  p r e s s u r e s  c a n  be generated.  
The source  of  ac t iva t ing  energy  can  be environmental ,  b u t  s i n c e  
t iming  c f  con t r ac t ion  i s  f r e q u e n t l y  c r i t i c a l ,  some a u x i l i a r y  h e a t i n g  
may be r e q u i r e d  t o  e f f e c t  t h e  l o c k i n g  a c t i o n  a t  t h e  p r o p e r  i n s t a n t .  
A p o s s i b l e  a p p l i c a t i o n  o f  t h i s  d e v i c e  i n v o l v e s  t u b i n g  t o  c o n v e y  
c o o l a n t  o r  h e a t i n g  f l u i d s ,  f o r  i n s t a n c e ,  f o r  t h e r m a l  power gener- 
a t o r s .  I n  t h i s   c a s e ,   t h e   t e m p e r a t u r e   o f   t h e   f l u i d  may, a s  a by- 
p roduc t ,  p rov ide  the  t empera tu re  r equ i r ed  to  ma in ta in  the  lock ing  
a n d  s e a l i n g  p r e s s u r e  a t  t h e  j o i n t s .  
A n  example of a deployable  s t r u c t u r e  u t i l i z i n g  N i t i n o l  i s  
t h e  l a t t i ce  s t r u c t u r e  i n  t h e  form  of a mult i -s tage column,  as  
shown i n   F i g u r e  15. This   type  of  s t r u c t u r e  is  cu r ren t ly   cons id -  
e r e d  f o r  a r a n g e  o f  s p a c e  a p p l i c a t i o n s  w h e r e  r e l a t i v e l y  l i g h t l y  
loaded compression-resistant columns of long spans are required 
(Ref.  1 5 ) .  The f o l d i n g   a n d   e r e c t i o n   k i n e m a t i c s   o f   t h i s   d e v i c e  
i n v o l v e  t h e  r e l a t i v e  r o t a t i o n  o f  t h e  t r a n s v e r s e  t r i a n g u l a r  f r a m e s .  
This  rotat ion produces a s h e a r i n g  d e f o r m a t i o n  o f  t h e  t h r e e  l a t t i c e  
p a n e l s  t h a t  form the sides of the column, and the shearing deforma- 
t i o n ,  i n  t u r n ,  is r e s i s t e d  b y  t h e  d i a g o n a l  w i r e  bracings between 
t h e  battens.  
Analysis  shows tha t  fo r  appropr i a t e ly  d imens ioned  pane l s ,  
one of the two w i r e s  i n  each  f i e ld  needs  to  e longa te  by  approx i -  
mately 6 pe rcen t  du r ing  the  co l l apse  mot ion .  Th i s  ex tens ion  can  
be p rov ided  by  sp r ings  ac t ing  as f o r c e  members i n  one s e t  of 
d i a g o n a l s .  A l t e r n a t i v e l y ,  it can be accommodated by   the   recover -  
a b l e  a x i a l  d e f o r m a b i l i t y  o f  N i T i  w i r e  w i t h o u t  r e c o u r s e  t o  s p r i n g  
e l e m e n t s .   I f   t h i s   e x t e n s i o n  i s  r e c o v e r e d   i n   t h e   f u l l y   e x t e n d e d  
p o s i t i o n ,  t h e  column w i l l  be s t a b i l i z e d  s i n c e  t h e  c o n t r a c t i o n  o f  
t h e  N i t i n o l  w i r e s  w i l l  cause t ens ion  in  the  oppos i t e  d i agona l s .  
N i t ino l  app l i ca t ion  concep t s  fo r  dep loyab le  t u b e s  using bend- 
i n g  s t r a i n  r e c o v e r y  are shown i n  F i g u r e  16. Figure  16a shows a 
17 
I 
radius, respectively, of   swaging pres-
 PS'  b the ring l ted the an-
 , OR' 
° t R 
Ps = R 
have  thermomechanical recovery 
 can hence for reasonable 
  very substantial swa ing pressures can 
 of activating energy can   
 cf contraction  uently iti al, heating 
 ired to effect the locking action at the proper instant. 
 a plication of this device involves Ubing to convey 
 or heating fluids, for instanc , for thermal  
  case, the temperature of the fluid   
, provide the temperature required to maintain the locking 
d sealing pre sure at the joints. 
  of   t re Nitinol  
 t re the of  Ulti-stage column, as 
Figure type of    consid-
 for  e of space applications where relatively lightly 
 compression-resistant columns of long spans are required 
. . and rection kinematics of this device 
lve the relative rotation of the transverse t iangular frames. 
 rotation produces  i  defor  of the three lattice 
ls that sides of the column, and the shearing deforma-
  ,   by the diagonal   betw en 
 
t for appropriately dimensioned panels, 
 of the  each field needs to elong te by approxi-
during the collapse motion. This extension can 
i ed by springs acting     
ls. Alternatively, th  recover-
 axial deformability of i  t recours  to spring 
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l a plication concepts for deployable  bend-
 strain recovery  Figure l6a  
t h in -wa l l ed  Ni t ino l  tube t h a t  c a n  be f l a t t e n e d  b y  l a t e r a l  compres- 
s i o n .  A x i a l  r i d g e s  o f  t h e  c r o s s  s e c t i o n  f a c i l i t a t e  t h i s  e f fec t  
and  keep  the  loca l  bend ing  s t r a ins  wi th in  to l e rab le  l eve l s .  Th i s  
concept is p a t t e r n e d  a f t e r  a des ign  conce ived  for  pure ly  e las t ic  
de fo rma t ion ,  f i r s t  p roposed  by  S in t e s  (Ref .  1 6 1 ,  b u t  extends i t s  
a p p l i c a b i l i t y  t o  tubes of much l a r g e r  w a l l  t h i c k n e s s  s i n c e  a l l o w -  
ab le  r ecove rab le  s t r a ins  a re  inc reased  by  one  o rde r  o f  magn i tude .  
F igure  16b  shows  a concept where a t h i n  t u b u l a r  membrane i s  
expanded by  a co i l  sp r ing .  Loca l  bend ing  and  tw i s t ing  a l lows  the  
c o i l  s p r i n g  t o  be f l a t t e n e d  and the assembly subsequent ly  to  be 
r o l l e d  up. 
Figure 16c shows t h e  f u n c t i o n a l  a p p l i c a t i o n s  of t h e  b i - s t a b l e  
s c r o l l  t u b e  t h a t  c o n s i s t s  of  a f l a t   s t r i p  which can be r o l l e d  up 
long i tud ina l ly  fo r  s towage  b u t  t e n d s  t o  r o l l  t r a n s v e r s e l y  i f  de- 
p loyed .  Seve ra l  p rac t i ca l  app l i ca t ions  o f  t h i s  concep t  have  been  
f o u n d ,   u s i n g   e l a s t i c   m a t e r i a l s .  The u s e  o f   N i t ino l   ex t ends   t he  
a p p l i c a b i l i t y  by allowing more mass ive  cons t ruc t ions  capable  of  
carrying heavier  loads,  and smaller  packaging volumes for  a given 
design.  
A n  example of a compression-resistant s t r u t  can be provided 
by an array of  a t  l e a s t  t h r e e  l o n g e r o n s  o r  a f l e x i b l e ,  t e n s i o n -  
r e s i s t an t  shea th .  p re t ens ioned  by  a c o a x i a l  N i t i n o l  c o i l  s p r i n g .  
(See  Fig. 17.) Axial  compression of t h e   s p r i n g   c o l l a p s e s   t h e  
longerons   o r   the   shea th .  The r a t i o  of f u l l y   e x p a n d e d   t o   f u l l y -  
co l l apsed  l eng th ,  L/Lo, e q u a l s  t h e  r a t i o  of c o i l  w i r e  d iameter ,  
d ,  t o  c o i l  p i t c h ,  i n  expanded  condi t ion.   I f  a c o i l   s p r i n g  
i s  t o  be completely  compressed,  the d/P r a t i o  i s  i n  t u r n  pro- 
p o r t i o n a l  t o  t h e  p e r m i s s i b l e  e l a s t i c  ( o r  r e c o v e r a b l e )  s h e a r i n g  
s t r a i n ,  Y ,  i. e. , 
'e 1 
e 
* 
L/Lo = d/Pe = 2n 2 
where D i s  t h e  median c o i l   d i a m e t e r .  
The l a r g e  r e c o v e r a b l e  s h e a r i n g  s t r a i n s  i n  N i t i n o l  a l l o w  
a t t r a c t i v e   p a c k a g i n g   r a t i o s   f o r   r e l a t i v e l y   p o w e r f u l   c o i l s .  I n  
a d d i t i o n ,  l a r g e  c o n s t r a i n t  f o r c e s  a r e  n o t  r e q u i r e d  s ince t h e  c o i l  
i s  compressed a t  low temperatures .  
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Repea ted  cyc l ing  o f  t he  cons t r a ined  co i l  concep t  i s  p o s s i b l e ,  
fo r  i n s t ance ,  by  p rov id ing  a c o a x i a l  weak t e n s i o n  s p r i n g  made from 
convent ional  e las t ic  mater ia l .   Because of i t s  open l a t t i ce  con- 
s t ruc t ion  the  cons t r a ined -co i l  concep t  w i th  d i sc re t e  l onge ron  w i r e s  
i s  w e l l  s u i t e d  t o  a c t i v a t i o n  b y  s o l a r  h e a t i n g .  I f  t h e  N i t i n o l  c o i l  
i s  made f rom ho l low tub ing  in s t ead  o f  so l id  rod ,  aux i l i a ry  hea t ing  
by  hea t - t r ans fe r  media can be e a s i l y  accommodated. 
\ - " . 
Three  func t iona l  mode l s  demons t r a t ing  d i f f e ren t  app l i ca t ions  
o f   N i t ino l   have   been   des igned ,   f ab r i ca t ed ,   and   t e s t ed .  A system 
fo r  ac tua t ion  o f  t em,pe ra tu re -con t ro l  shu t t e r s  u s ing  Ni t ino l  w i r e  
has  been  pa t t e rned  a f t e r  a similar system on t h e  Nimbus s a t e l l i t e  
which u s e s  expansion  of a l iqu id   vapor .  A sun  seeker ,   in   which a 
compression spr ing i s  b e n t  i n  t h e  d i r e c t i o n  o f  t h e  s u n  b y  t h e  con- 
t r a c t i o n  o f  t h e  N i t i n o l  w i r e  has  been demonstrated. A second  sun 
fo l lower  i n  which a s h a f t  i s  c a u s e d  t o  r o t a t e  r e l a t i v e  t o  t h e  s u n  
has  a l so  been  f ab r i ca t ed  and  t e s t ed .  Desc r ip t ions  o f  t hese  three 
models ,  the i r  p r inc ip les  of  opera t ion ,  and  the  demonst ra t ion  tes ts  
a re  p re sen ted .  
. Temperature   Control led  Shut ter  
The p u r p o s e  o f  t h i s  i n v e s t i g a t i o n  was t o  e x p l o r e  t h e  p o s s i -  
b i l i t y  o f  s u b s t i t u t i n g  a N i t i n o l  w i r e  a n d  p u l l e y  s h u t t e r  a c t u a t i o n  
system  (Fig.  18)  f o r  t h e  p r e s e n t  N i d u s  shu t t e r  ac tua t ion  sys t em,  
i n  o r d e r  t o  i n c r e a s e  r e l i a b i l i t y  and to  reduce  weight  and  volume 
requirements .  I n  o r d e r  t o  d e t e r m i n e  i f  N i t i n o l  m a t e r i a l  c o u l d  be 
used  for  the  des ign  of an actual  operat ing mechanism,  a s imulated 
model  of the  semi-pass ive  tempera ture  cont ro l  of  the  Nimbus  space- 
c r a f t ,  u s i n g  N i t i n o l  w i r e  r a t h e r  t h a n  a f l u i d  a s  t h e  a c t u a t i n g  
medium, was des igned ,   f ab r i ca t ed ,   and   t e s t ed .   Ava i l ab le   55 -Ni t ino l  
wire ,  which has  lower and upper  t ransi t ion temperatures  as  shown 
i n  Figure 8 does  not  m e e t  the  tempera ture  requi rements  of  the  
Nimbus s p a c e c r a f t .  However, t h e   p r i n c i p l e  of ope ra t ion  was demon- 
s t r a t e d ,  a n d  a Ni t ino l  composi t ion  wi th  a smaller t r a n s i t i o n  temp- 
e ra tu re  r ange  w o u l d  r e n d e r  t h i s  d e v i c e  a p p l i c a b l e  t o  t h e  Nimbus 
s p a c e c r a f t .  
Semi-passive temperature  control  i s  u t i l i z e d  i n  t h e  Nimbus  
s p a c e c r a f t  for  c o n t r o l  o f  t e m p e r a t u r e  i n  a number of i t s  i n s t r u -  
mented  compartments  (Ref. 1 7 ) .  The c o n t r o l l i n g  mechanism c o n s i s t s  
of movable s h u t t e r s  p o s i t i o n e d  b e t w e e n  t h e  p a n e l  s u r f a c e  t o  be 
con t ro l l ed ,   and   co ld   space .   Shu t t e r  movement exposes more o r  less 
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I~ 
ated li  of the constrained coil concept  
instance, by providing   spring 
 t rial. Because  
 the constrained-coil concept with discret  longeron  
   to activation by solar heating. If the Nitinol coil 
 om tubing instead f solid rod, auxiliary heating 
 heat-transfer can  
\ - ---
ree functional models demonstrating different appl cations 
N tinol have been designed, fabricat d, and tested. 
actuation of temperature-control shutters us ng Nitinol  
 b en patterned after   ite 
 of   vapor.  s eker, in which  
ression spring  in the directi n of the sun by the 
of the Nitinol    sun 
     sed rotate relative to the sun 
 also been fabric ted and tested. De criptions of these 
ls, their pr nciples of operation, and the demonstration 
presented. 
.Te perature controlled hutter 
ose of th s investigation . explore the possi-
t  substituting    d pulle  shutter actuation 
(Fig. )  the pr sent imb   actuation system, 
 er t  increase reliab lity reduce weight and 
 r to d termine if Nitinol material could 
 for th  design actual operating mechanism,  
of semi-pa sive temperature control of the 
using Nitinol  than   as the actuating 
, fabricated, and tested. Available 55-Nitinol 
whic  has lower and upper transition temperatures as 
  s not  temperature requirements of the 
principle 
and  l composition with  -
range uld r this device applicable to the 
temperature control   in the 
t  of temperature in   
compartments (Ref. .  
 positioned betwee the panel surface to 
and cold space. Shutter   
of t h e  r a d i a t i n g  p a n e l  s u r f a c e  a r e a  t o  v a r y  t h e  h e a t  r e j e c t i o n  as 
a func t ion  of  pane l  tempera ture .  Opening  and  c los ing  of  the  shut -  
ters is  e q u i v a l e n t  t o  a n  e f f e c t i v e  e m i s s i v i t y  r a n g e  o f  0.15 t o  
0.65. The s h u t t e r s  are enc losed   i n  a box- l ike  s t r u c t u r e  t o  p r e v e n t  
s u n  impingement. 
I n  t h e  Nimbus device  the  pane l  sur face  tempera ture  i s  sensed 
by a t u b e  s o l d e r e d  t o  t h e  p a n e l  a n d  c o n t a i n i n g  a l iquid-vapor  mix- 
t u r e  of  Freon 11. One end  of  the t u b e  i s  s e a l e d ;   t h e   o t h e r   e n d  
i s  connected t o  a be l lows  ac tua tor  having  a spr ing-loaded return.  
Motion  of t h e  b e l l o w s  a c t u a t e s  t h e  s h u t t e r s .  A s  the   t empera ture  
o f  t h e  p a n e l  r i s e s ,  t1.e t empera tu re  o f  t he  l i qu id  also rises and 
inc reases  the  vapor  p re s su re  wi th in  the  t u b e  and bel lows,  causing 
t h e  b e l l o w s  t o  move ou t  aga ins t  t he  load  o f  t he  r e tu rn  sp r ing  and  
t o  r o t a t e  t h e  s h u t t e r s  u n t i l  a ba l anced   pos i t i on  i s  reached. The 
tempera ture  cont ro l  i s  d e s i g n e d  t o  f u l l y  c l o s e  t h e  s h u t t e r s  at 
25OC and f u l l y  open  them a t  35OC pane l  su r f ace  t empera tu re .  
The phi losophy of  the Nit inol  model  design w a s  t o  c o n s t r u c t  
a device which would s i m u l a t e  t h e  o p e r a t i n g  p r i n c i p l e s  o f  t h e  
semi-passive Nimbus tempera ture-cont ro l  sys tem wi thout  necessar i ly  
be ing   an   exac t   rep l ica   o f   the   sys tem.  The model shown i n  F i g u r e  
18 c o n s i s t s  o f  a wooden box, open on one  end ,  wi th  the  shut te rs  
i n s t a l l e d  i n  t h e  open  end. A 0.063 i n .   t h i c k   c o p p e r   p l a t e   ( F i g .  
19)  s e p a r a t e s  t h e  b o x  i n t o  two approximately equal compartments.  
The closed compartment was l i ned  wi th  a lumin ized  Mylar and an 
e lectr ic  h e a t i n g  e lement  i n s t a l l e d  i n  i t  t o  s i m u l a t e  t h e  h e a t  from 
e l e c t r o n i c  components. S i n c e  t h e  model w i l l  be o p e r a t i n g  i n  a 
vacuum, the  on ly  means o f  h e a t  t r a n s f e r  f r o m  t h e  p l a t e  t o  t h e  w i r e  
i s  b y   r a d i a t i o n .  To i n c r e a s e   r a d i a t i o n   h e a t i n g ,   c o p p e r  t u b e s  
1/8 O.D. x 0.035 wall  w e r e  s o l d e r e d  t o  t h e  p l a t e  between the  pul -  
l e y s ,  a n d  t h e  N i t i n o l  w i r e  was run  th rough  the  cen te r  o f  t he  t u b e s .  
With t h i s  d e s i g n ,  h e a t  i s  conducted from the plate  through the 
wa l l s  o f  t he  t u b e  a n d  t h e n  r a d i a t e d  t o  t h e  w i r e  f rom the inner  
s u r f a c e  o f  t h e  tube .  The e x t e r i o r  s u r f a c e  o f  t h e  t u b e s  w a s  coated 
wi th  a 1/16 i n .  l a y e r  o f  s i l i c o n e  rubber i n s u l a t i o n  (RTV 751) t o  
p reven t  excess ive  hea t  loss from t h e  e x t e r i o r  s u r f a c e  o f  t h e  t u b e .  
Ca lcu la t ion  o f  t he  hea t - t r ans fe r  r a t e  and  the  t i m e  r equ i r ed  
f o r  t h e  s h u t t e r s  t o  go  from 0' t o  90° i s  p l o t t e d  i n  F i g u r e  20. 
Ca lcu la t ions  are a l s o  shown f o r  a f l a t  w i r e  of 0.005 x 0 . 1  i n .  
c r o s s  s e c t i o n  ( t h e  same c r o s s - s e c t i o n a l  a r e a  a s  t h e  0.026 in .  diam- 
e ter  w i r e )  and   for  a 0 .001 x 0 .1  in .   c ros s - sec t ion  w i r e .  The t i m e  
c o n s t a n t  o f  t h e  f l a t  w i r e  i s  approximately half  that  of  the round 
w i r e  w i t h  t h e  same c r o s s - s e c t i o n a l  a r e a .  F o r  f l a t  w i r e ,  t h e  t i m e  
" 
  radiating panel surface area to vary the heat rejection  
of panel t mpe ature. Opening a d clo ing of the shut-
 t to an effective emissivity range of O.lS  
S.   ed in   t re prevent 
 
   the panel surface temperature  
  to the panel and co taining r -
 Freon . of the   the other end 
   actuator having   return. 
of  be lows actuates t e shutters.  temperature 
the panel rises, h  r ture of the l quid 
the vapo  pressure wi in the   be lows, causing 
 bello s to against the l ad of he return spring and 
 rotate the shutters until  position  
t re control  igned t  fully close  rs 
So  l  them t So surface temperature. 
of the Nitin l model design  construct 
  which would   operating principles of the 
i e system without necessarily 
an exact replica of the system. Figure 
 of  open e end, wi  t e shutters 
  end.   thi k cop er plate (Fig. 
)  the box into equal compartments. 
 compartment with aluminized and an 
l  in simulate  
   l ting in 
only hea  transfe  from the plate to the  
 radiation. radiation heating, copper  
. .  S wall  l ered the plate pul-
 and the Nitinol   through the c nter of the 
design, heat  ted from the plate through the 
of the   then radiated to the   the inner 
 of the surface of the   
  layer of silicone  S )  
exce sive heat  exterior surface of the 
of t  heat-transfer ra e and the i e 
r the shutters to from °   in Figure 
    t  O.OOS  
s section (the are  as the -
)  for   cros -section i e 
tant f the flat    half tha  of the round 
  the area. For flat wire, the i  
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c o n s t a n t  is  d i r e c t l y  p r o p o r t i o n a l  t o  t h i c k n e s s .  I n  t h e  d a t a  p l o t t e d  
i n  F i g u r e  2 0 ,  it w a s  assumed t h a t  due t o  t h e  h i g h  h e a t  c o n d u c t i v i t y  
of  copper ,  the  tempera ture  of  the  copper  t u b e  w a s  cons tan t  a round 
i t s  circumference and the same t e m p e r a t u r e  a s  t h e  p l a t e .  
Type 1 N i t i n o l  w i r e ,  0.026 i n .  d i ame te r ,  w i th  a preload of  10 
pounds, was s e l e c t e d   f o r   t h e s e  tests. S t ra in- tempera ture   da ta  f o r  
t h i s  w i r e  i s  shown i n  F i g u r e  7. S i n c e  t h e  t r a n s i t i o n  t e m p e r a t u r e  
i n c r e a s e s  w i t h  t e n s i o n ,  it w a s  necessa ry  to  have  cons t an t  t ens ion  
on t h e  w i r e  du r ing  these  tests i n  o r d e r  t o  u s e  t h i s  d a t a .  S i n c e ,  
w i t h  o r d i n a r y  c o i l  s p r i n g s  a n  i n c r e a s e  i n  l e n g t h  r e q u i r e d  a n  i n -  
c r e a s e  i n  t e n s i o n ,  t h e  s h u t t e r  d r i v e  p u l l e y  w a s  mounted e c c e n t r i c -  
a l l y  t o  o b t a i n  a n  a p p r o x i m a t e l y  c o n s t a n t  t e n s i o n  i n  t h e  N i t i n o l  
w i r e .  The amount of e c c e n t r i c i t y  r e q u i r e d  t o  g ive  a cons tan t  ten-  
s i o n  of 10 pounds i n  t h e  N i t i n o l  w i r e  a t  t h e  s h u t t e r  f u l l - o p e n e d ,  
f u l l  c l o s e d  p o s i t i o n s  w a s  determined. The maximum deviat ion  f rom 
c o n s t a n t  t e n s i o n  was computed t o  be 0.4 pound a t  t h e  m i d - p o i n t  of 
s h u t t e r  t r a v e l .  
In  the  ope ra t ion  o f  t he  mode l ,  t he  hea t ing  e l emen t  r ad ia t e s  
t o  t h e  c o p p e r  p l a t e ,  a n d  t h e  h e a t  i s  conducted around the wal ls  of  
the  copper  tube .  The N i t i n o l  w i r e  i n s i d e  t h e  t u b e  i s  heated  by 
r ad ia t ion  f rom the  t u b e .  I f  t h e  t e m p e r a t u r e  o f  t h e  N i t i n o l  w i r e  
reaches  i t s  uppe r  t r ans i t i on  t empera tu re ,  t he  Ni t ino l  w i r e  s t a r t s  
t o  c o n t r a c t .  C o n t r a c t i o n  o f  t h e  w i r e  r o t a t e s  t h e  s h u t t e r  p u l l e y ,  
s t a r t s  t o  open t h e   s h u t t e r s ,   a n d   e x t e n d s   t h e   r e t u r n   s p r i n g .   I f  
t h e  p l a t e  t e m p e r a t u r e  c o n t i n u e s  t o  r i s e ,  t h e  w i r e  w i l l  c o n t r a c t  
approximately 5 percent  of  i t s  e f f ec t ive  l eng th  and  open the  shut -  
ters t o  90" . I f  du r ing  the  open ing  o f  t he  shu t t e r s  a hea t  ba l ance  
i s  reached  be tween the  hea t  rad ia ted  f rom the  p la te  and  the  hea t  
p u t  i n  b y  t h e  h e a t i n g  e l e m e n t ,  t h e  s h u t t e r  w i l l  s t op  open ing .  I f  
t h e  h e a t  i s  a g a i n   i n c r e a s e d ,   t h e   s h u t t e r s  w i l l  open f a r t h e r ;  how- 
e v e r ,  i f  t h e  h e a t  i n p u t  i s  d e c r e a s e d ,  t h e . s h u t t e r s  w i l l  n o t  s t a r t  
t o  c l o s e  u n t i l  t h e  N i t i n o l  w i r e  reaches  i t s  lower t r a n s i t i o n  temp- 
e r a t u r e  a n d  s t a r t s  t o  e x t e n d .  
The t e s t  model  was p l a c e d  i n  a b e l l  jar  (see Fig.  2 1 )  which 
could be e v a c u a t e d  t o  60 microns by a vacuum and  d i f fus ion  pump, 
t o  t e s t  t h e  o p e r a t i o n  of the system under near-vacuum conditions. 
A co ld  w a l l ,  t o  a b s o r b  t h e  h e a t  r a d i a t e d  b y  t h e  c o p p e r  p l a t e ,  w a s  
provided b y  a copper-tube  coil   placed  around  the  model.   Lexsol 
408-M*, cooled by a second c o i l  submerged i n  a Lexsol  dry- ice  ba th ,  
* A low-freezing-temperature   l iquid.  
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  proportional o thickness. In the data plotted 
Figure   the hig  heat conductivity 
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   Figure   the transition t mpe ature 
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   these order to  data. Since, 
 ordinary coil springs an increas  in length requ red an in-
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required    ten-
     Nitinol    shutter full-opened, 
closed positions   from 
 tension computed   the mid-point  
 travel. 
the operati n of the model, the h ati g elem nt radiates 
the copper plate, and the heat  ted around the walls of 
co per    the   by 
 from the  th  temperature of the Nitinol  
 r transition temperature, the Nitinol  ts 
contract. Con raction of the  the shutter pulley, 
ts to shutters, and extends the return spring. If 
 plate temperature continues to ris , the  l 
of   length and shut-
 0 •  during the opening of th  hutters  balance 
  bet e the he t radiated from the plate and the heat 
  the heating element, the shutter l opening. If 
 heat  increased, the shutters l j -
, if t  heat input  eased, the. shu ters l t start 
close until the Nitinol    -
and star s to extend. 
was  in   e  
ated t   by   diffusion 
  operation system und r ne r-vacuum conditions. 
 absorb the he t r diated by the copper plate,  
 coil pl ced around the modeL Lexsol 
*, by  l   l dry-ice bath, 
 r t r  liquid. 
 
was c o n t i n u o u s l y  c i r c u l a t e d  t h r o u g h  t h e  c o o l i n g  c o i l s  b y  a n  elec- 
t r ic  motor-driven pump. A minimum coo l ing  co i l  temperature  of  -2OOc 
w a s  p rov ided  by  th i s  means. The rmocoup les  a t t ached  to  the  f ron t  of 
t h e  c o p p e r  p l a t e  a n d  t o  t h e  i n l e t  a n d  o u t l e t  o f  t h e  c o o l i n g  c o i l s ,  
and connected through a s e l e c t o r  s w i t c h  t o  a Speedomax H r eco rde r ,  
w e r e  used t o  measure the  tempera ture  of  those  poin ts .  
The power i n p u t  t o  t h e  h e a t i n g  e l e m e n t  was c o n t r o l l e d  b y  a 
Variac and measured by a w a t t m e t e r  i n  t h e  c i r c u i t .  A p o i n t e r  w a s  
i n s t a l l e d  on a n  e x t e n s i o n  o f  t h e  s h u t t e r  s h a f t  a n d  a d i a l  a t t a c h e d  
t o  t h e  t o p  o f  t h e  b o x  t o  measure  t h e  s h u t t e r  a n g l e .  
Test  Procedure. - The model  was p l a c e d  i n  a b e l l  jar  and con- 
nec ted  a s  shown i n  F i g u r e  21 .  The b e l l  jar  was  evacuated  to  a 
p re s su re  o f  60 m i c r o n s ,  t h e  c i r c u l a t i n g  pump turned on,  and dry 
ice added t o  t h e  L e x s o l  bath u n t i l  i t s  temperature  w a s  r educed  to  
-8OOC. Readings w e r e  t a k e n  o f  t h e  c o o l i n g - c o i l  i n l e t  a n d  o u t l e t  
temperatures  and the t es t s  s t a r t e d  b y  t u r n i n g  t h e  V a r i a c  d i a l  t o  
t h e  desired v o l t a g e  s e t t i n g .  The  power inpu t   fo r   each   Var i ac  set- 
t i n g  was read on the   wat tmeter .   P la te   t empera tures  were r e a d  f o r  
every 5 O  of  shu t t e r  open ing  o r  c los ing .  
The model  worked smoothly and operated the shut ters  f rom ful ly  
c l o s e d  t o  f u l l y  open  and  back  again.  Three  runs w e r e  made. The 
r e su l t s  a r e  shown i n  g raph ica l  fo rm in  F igu re  22. During  run 1 
t h e  h e a t  i n p u t  was g r e a t e r  t h a n  t h e  h e a t  r a d i a t e d  f r o m  t h e  p l a t e  
even  with  the  shut ters   completely  open.   With  the  lower  heat   input  
of run 2 ,  a hea t  ba l ance  was achieved a t  the  shut te r  opening  of  3 0 ° ,  
a f t e r  which the temperature  gradual ly  dropped as t h e  s h u t t e r s  open- 
ed u n t i l  a t  70" t h e  h e a t  i n p u t  w a s  increased  and  the  tempera ture  
aga in   increased .  The h i g h  s t a r t i n g  t e m p e r a t u r e  o f  r u n  2 was caused 
by using a h i g h  h e a t  i n p u t  t o  b r i n g  t h e  b o x  up t o  t e m p e r a t u r e  b e f o r e  
t h e  s h u t t e r s  s ta r ted  t o  move. 
I 
An i n p u t  power of 20 w a t t s  was used throughout  r u n  3. The 
temperature reached a cons t an t  va lue  o f  83OC a f t e r  127  m i n u t e s  and 
remained a t  t h i s  t e m p e r a t u r e  f o r  25  minu tes  wh i l e  t he  shu t t e r  ang le  
changed  from 69" t o  a maximum of 71". 
The r e l a t i v e l y  h i g h  h e a t  i n p u t  used f o r  r u n  1 gave  da ta  poin ts  
approximately 2OoC higher  than  the  tempera tures  requi red  for  t rans-  
i t i o n .  From Figure  20,  t h e  time requ i r ed   shou ld  be 6 minutes,  and 
t h e  a c t u a l  t i m e  was 5 m i n u t e s .  
Comparison of the t e s t  d a t a  i n d i c a t e s  t h a t  when t h e  s h u t t e r  
22 
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s t a b i l i z e d  a t  a 70° a n g l e  i n  r u n s  2 and 3 ,  t h e  d i f f e r e n c e  i n  temp- 
erature  between  the two tes ts  is approximately 5OC. The tempera- 
t u r e  d i f f e r e n c e  r e q u i r e d  t o  c y c l e  t h e  s h u t t e r s  from f u l l y  c l o s e d  
i s  approximately 55OC f o r  b o t h  sets of d a t a ,  so  the system i s  
marg ina l   fo r   t empera tu re   con t ro l  of t h e  N i m b u s  spacec ra f t .  How- 
e v e r ,  it appears  tha t  Ni t ino l -55  composi t ions  can  be developed 
which have smaller difference.s  between the upper  and lower t rans-  
i t i on  t empera tu res  than  does  the  ma te r i a l  u sed  in  th i s  model. 
Sun Seeker 
The - f e a s i b i l i t y  o f  u s i n g  N i t i n o l  w i r e  t o  bend a s p r i n g  column 
toward  the  sun was i n v e s t i g a t e d .  A model   designed  for   operat ion 
i n  a i r  a t  room temperature  w a s  f ab r i ca t ed  and  t e s t ed  us ing  pho to  
f lood  lamps as a r a d i a n t  h e a t  s o u r c e .  A number of  design  improve- 
ments w e r e  cons idered ,  inc luding  the  u s e  of f l a t  t a p e s  i n s t e a d  of 
round  wi re s ,  and  the  app l i ca t ion  o f  coa t ings  to  inc rease  the  equ i -  
l i b r i u m  tempera ture  of  the  Ni t ino l .  
The Sun Seeker shown i n  F igures  23 and 24  c o n s i s t s  o f  a com- 
p res s ion  sp r ing  wh ich  has  th ree  Ni t ino l  w i r e s  evenly spaced about 
i t s  ou te r   pe r iphe ry .  The wi re s ,   unde r   t ens ion ,   a r e   a t t ached  a t  
f r equen t  i n t e rva l s  a long  the  sp r ing  and  t o  end caps on the  top  and  
bot tom of  the spr ing.  The end  caps  a l so  provide  a means of  a t tach-  
ing t h e  d e v i c e  t o  a s p a c e c r a f t  o r  t o  s o l a r  p a n e l s .  The N i t i n o l  
w i r e s  on t h e  s i d e  o f  t h e  s p r i n g  away from the sun m u s t  be s h i e l d e d  
from  the s u n .  When t h e  l o n g i t u d i n a l  a x i s  o f  t h e  Sun Seeker i s  
s t r a i g h t  and  po in ted  d i r ec t ly  toward  the  s u n ,  a l l  o f  t h e  N i t i n o l  
w i r e s  w i l l  be s h i e l d e d  a n d  t h e  a x i s  w i l l  r e m a i n  s t r a i g h t .  I f  t h e  
ax i s  o f  t he  dev ice  i s  s l o w l y  r o t a t e d  t o  p o i n t  away from the s u n ,  
t h e  N i t i n o l  w i r e s  on the  s ide  o f  t he  sp r ing  toward  t h e  s u n  w i l l  be 
exposed. A s  t h e  a n g l e  o f  t h e  s u n  r e l a t i v e  t o  t h e  w i r e  i n c r e a s e s ,  
t h e  t e m p e r a t u r e  o f  t h e  N i t i n o l  w i r e  i n c r e a s e s  u n t i l ' t h e  t r a n s i t i o n  
temperature  i s  r eached ,  caus ing  the  w i r e  t o  con t r ac t  and  bend  the  
spr ing   toward   the   sun .   This   reduces   the   angle   o f   the   sun   to   the  
N i t i n o l  w i r e  above  the  bend  to  be low i t s  c r i t i c a l  a n g l e  ( t h e  a n g l e  
below  which t r a n s i t i o n  w i l l  n o t  o c c u r ) .  Thus t h e  b e n d  e f f e c t i v e l y  
s t a r t s  a t  t he  bo t tom o f  the  sp r ing  and  moves p r o g r e s s i v e l y  upward 
u n t i l  t h e  a x i s  o f  t h e  s p a c e c r a f t  t o  t h e  s u n  r e a c h e s  90°. A t  t h i s  
a n g l e ,  t h e  e n t i r e  s p r i n g  i s  b e n t  i n  a n  a r c  o f  a circle. 
I f  t h e  r o t a t i o n  o f  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  d e v i c e  i s  
s topped somewhere between Oo and 90° r e l a t i v e  t o  t h e  sun, t h e  
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bending of t h e  s p r i n g  w i l l  s t o p  b e c a u s e  t h e  a n g l e  of p o r t i o n s  of 
t h e  N i t i n o l  w i r e  w i l l  be b e l o w  t h e  c r i t i c a l  a n g l e .  I f  t h e  r o t a -  
t i o n  o f  t h e  ax is  i s  now reve r sed ,  t he  t empera tu re  of t h e  N i t i n o l  
w i r e  w i l l  s t a r t  t o  d r o p ,  a n d  when the  lower  t r ans i t i on  t empera tu re  
i s  r e a c h e d ,  t h e  N i t i n o l  w i r e  w i l l  s t a r t  t o  e l o n g a t e  a n d  s t r a i g h t e n  
o u t  t h e  curve.   This  w i l l  cont inue  u n t i l  t h e  s p r i n g  i s  s t r a i g h t  
and w i l l  t h e n  r e p e a t  t h e  p r e v i o u s  p r o c e s s  i n  t h e  o p p o s i t e  d i r e c t i o n .  
The model c o n s i s t s  o f  f i v e  p r i n c i p a l  p a r t s  - compression 
s p r i n g ,  N i t i n o l  w i r e s ,  e n d  c a p s ,  r e f l e c t o r s ,  a n d  s i m u l a t e d  s o l a r  
panels .  The model w a s  d e s i g n e d  t o  o p e r a t e  a t  room temperature ,  
e i t h e r  i n  t he  a tmosphe re  o r  i n  a vacuum, wi th  a h e a t  lamp as t h e  
source   o f   rad ian t   energy .  I t  was n e c e s s a r y  t o  select  a pre load  
f o r  t h e  N i t i n o l  w i r e  such  tha t  t he  lower  t r ans i t i on  t empera tu re  
would be above average room temperature  ( 2 O O C )  and still not  have 
so h igh  an  uppe r  t r ans i t i on  t empera tu re  tha t  it would be d i f f i c u l t  
t o  o p e r a t e  w i t h  a h e a t  lamp. A preload of  1 7  pounds  per w i r e  was 
s e l e c t e d  t o  g i v e  a lower  t rans i t ion  tempera ture  of  approximate ly  
28OC and  an  upper  t rans i t ion  tempera ture  of  approximate ly  95OC. 
A t r a d e o f f  s t u d y  was made o f  t he  number o f  N i t i n o l  w i r e s  t o  
be used. The r e s u l t i n g  s e l e c t i o n  o f  t h r e e  w i r e s  was based on t h e  
fo l lowing  f ac to r s :  
1. The minimum number of w i r e s  which w i l l  keep  the  sp r ings  
s t ab le  and  ope ra t e  i n  any  angu la r  pos i t i on  i s  t h r e e .  
2.  The minimum number of w i r e s  w i l l  g i v e  minimum s p r i n g  
loads and minimum s p r i n g  s t r e n g t h .  
3 .  With t h r e e  w i r e s  a l l  t h e  w i r e s  a r e  l o a d e d  a t  a l l  times, 
whi le  wi th  more than  th ree  w i r e s  some o f  t he  w i r e s  w i l l  be s l a c k  
when t h e  s p r i n g  i s  b e n t ,  r e q u i r i n g  t h e  t a u t  w i r e s  t o  c a r r y  t h e  
e n t i r e  s p r i n g  l o a d .  
4. I n c r e a s i n g  t h e  number of w i r e s  i nc reases   t he   po in t ing   ac -  
curacy.  With  only  three w i r e s  t h e  p l a n e  o f  t h e  b e n d  i n  t h e  s p r i n g ,  
a t  some angu la r  pos i t i ons ,  can  be cons ide rab ly  ou t  of p lane  wi th  
the sun. This can be p a r t i a l l y  a l l e v i a t e d  b y  g i v i n g  t h e  w i r e s  a 
s l i g h t  s p i r a l .  
The sp r ing  des ign  fo r  t h ree  0 .026  in .  d i ame te r  N i t ino l  w i r e s  
w i th  a 17-lb p re load  on each w i r e  is shown i n  F i g u r e  24. The 
s p r i n g  w a s  des igned  wi th  a w ide  space  be tween  the  co i l s  t o  a l low 
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f o r  t h e  i n s t a l l a t i o n  o f  t h e  r e f l e c t o r s .  The l e n g t h  o f  t h e  s p r i n g  
was computed based upon a 90" d e f l e c t i o n  o f  t h e  Sun Follower. 
The r e f l e c t i n g  s u r f a c e  of t h e  r e f l e c t o r s  was go ld  p l a t ed  t o  
i n c r e a s e  t h e  r e f l e c t i v i t y  of the  re la t ive ly  long-wavelength  rad ia-  
t i o n  from t h e  h e a t  lamp.  The pu rpose  o f  t he  r e f l ec to r s  is n o t  
o n l y  t o  i n c r e a s e  t h e  e f f e c t i v e  h e a t i n g ,  b u t  t o  s h i e l d  t h e  w i r e s  
from r a d i a t i o n  u n t i l  t h e y  a r e  i n  t h e  c o r r e c t  p o s i t i o n .  
The N i t i n o l  w i r e s  w e r e  fas tened  to  the  upper  and  lower  end  
caps and t o  e a c h  c o i l  o f  t h e  s p r i n g  w h i l e  t h e  s p r i n g  w a s  under  the 
pre load  tens ion .  The N i t i n o l  w i r e  was f a s t e n e d  t o  t h e  s p r i n g  b y  
winding  annea led  s ta in less  s t e e l  w i r e  a round the  Ni t ino l  w i r e  and 
s p r i n g  a n d  t h e n  s o f t - s o l d e r i n g  t h e  s t a i n l e s s  s t ee l  w i r e  t o  t h e  
s p r i n g  t o  h o l d  it i n  p lace .  
Sun Follower and Rotary Drive 
A second Sun Fol lower configurat ion which also can operate  
a s  a con t inuous  ro t a ry  d r ive  was des igned ,  fabr ica ted ,  and  tes t -  
ed. I n  t h i s  model,  which i s  shown in   F igu re  2 5 ,  hea t ing  of  t h e  
N i t i n o l  w i r e s  o r  t a p e s  c a u s e s  r o t a t i o n  of a s h a f t .  The device  
w i l l  e i t h e r  r o t a t e  c o n t i n u o u s l y  from t h e  e f f e c t s  o f  s o l a r  h e a t i n g ,  
o r  p o i n t  i n  the azimuth plane of t he  s u n .  
F igure  26  shows a cutaway engineer ing layout  of  the Sun Fol- 
lower. The p r i n c i p a l  components a r e   t h e  cen t r a l  s h a f t ,   t h e   c a n t e d  
b e a r i n g  p l a t e ,  t h e  N i t i n o l  w i r e s  o r  t a p e s ,  t h e  c y l i n d r i c a l  s h i e l d ,  
the   lower   end   p la te ,   and   the   upper   end   p la te .  The subassembly  of 
t h e  c e n t r a l  s h a f t  a n d  l o w e r  e n d  p l a t e  r o t a t e s  r e l a t i v e  t o  t h e  
assemblage of N i t i n o l  w i r e ,  upper end plate,  and canted bearing- 
p l a t e  o u t e r  h o u s i n g  a n d  c y l i n d r i c a l  s h i e l d .  
I n  t h e  mode of  opera t ion  in  which  a con t inuous  ro t a t ion  re- 
s u l t s ,  t he  lower  base  p l a t e  i s  clamped with the canted bear ing 
p l a t e  i n  a p o s i t i o n  so t h a t  n e i t h e r  f u l l y  s t r e t c h e d  n o r  f u l l y  com- 
p r e s s e d  s p r i n g s  are n e a r e s t  t o  t h e  s u n .  A s  t h e  N i t i n o l  r i b b o n s  o r  
w i r e  n e a r e s t  t h e  s u n  h e a t  up t o  a tempera ture  above  the  t rans i t ion  
p o i n t ,  t h e  c o n t r a c t i o n  o f  t h e  N i t i n o l  s t r e t c h e s  t h e  s p r i n g  a n d  
c a u s e s  r o t a t i o n  o f  t h e  a s s e m b l y  o f  t h e  u p p e r  p l a t e ,  N i t i n o l  s t r i p s ,  
and  outer  hous ing  of  the  canted  bear ing  p la te .  A s  t h e  h e a t e d  N i t -  
i n o l  w i r e  r o t a t e s  i n t o  t h e  shadow o f  t h e  c y l i n d r i c a l  s h i e l d ,  it 
coo l s  down and i s  s t r e t c h e d  b y  t h e  s p r i n g  t e n s i o n  when the  lower  
t r a n s i t i o n   t e m p e r a t u r e  is reached. The r o t a t i o n  is cont inuous:  
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its ra te  is dependent on t h e  h e a t i n g  a n d  c o o l i n g  ra te  of t h e  N i t -  
i n o l  s t r i p s .  
I n  t h e  mode o f  o p e r a t i o n  i n  w h i c h  r o t a t i o n  f o l l o w s  t h e  s u n ' s  
motion in  azimuth,  the upper  end plate  i s  c lamped wi th  the  Ni t ino l  
s t r i p s  e x t e n d i n g  v e r t i c a l l y  upward o r  downward.  The N i t i n o l  s t r i p s  
n e a r e s t  t h e  s u n  w i l l  h e a t  up and  con t r ac t  a s  t he  t r ans i t i on  t emper -  
a t u r e  i s  reached. The c o n t r a c t i o n   f o r c e s   t h e   i n n e r  race o f   t he  
c a n t e d  b e a r i n g  p l a t e  t o  r o t a t e  i n t o  a p o s i t i o n  o f  minimum s p r i n g  
l e n g t h  f o r  t h e  h e a t e d  N i t i n o l  s t r i p .  The c e n t r a l  s h a f t  a n d  l o w e r  
b e a r i n g  p l a t e  are p i n n e d  t o  t h e  i n n e r  r a c e  a n d  r o t a t e  so tha t  one  
p o i n t  on the per iphery of  the lower base plate  a lways points  toward 
the sun.  
A series of tests w e r e  conducted on t h i s  d e m o n s t r a t i o n  model 
u s ing  the  se tup  shown i n  F i g u r e  27. A 2 -k i lowat t  e l ec t r i c  r a d i a n t  
h e a t e r  p r o v i d e d  t h e  h e a t i n g  s o u r c e  f o r  t h e  N i t i n o l  s t r i p s .  A fan 
i n  t h e  b a s e  w a s  used t o  blow cool ing a i r  through the  louvres  on t o  
t h e  s t r i p s  s h i e l d e d  from  the  radiant   heater .   With  0 .026 i n .  diam- 
eter Type I ' N i t i n o l  w i r e s ,  t he  po in t ing  accu racy  was w i t h i n  10' f o r  
t h e  mode of  opera t ion  i n  which the  upper  end  p la te  was clamped. The 
ro t a t iona l  speed  wi th  the  lower  base  p l a t e  c l amped  was approximate- 
l y  10 rpm. When t h e  3-mil   r ibbons  of   Nit inol  w e r e  s u b s t i t u t e d  f o r  
t h e  w i r e ,  t he  po in t ing  accu racy  was  improved,  and  the  speed  of 
ro ta t ion   doubled .  The u n i t  w a s  c o n t i n u o u s l y  r o t a t e d  f o r  8 hours  
(approximately 5000 revolu t ions)  wi thout  apprec iab le  change  i n  
performance. 
CONCLUSIONS 
A w i d e  r a n g e  o f  a p p l i c a t i o n s  f o r  N i t i n o l  m a t e r i a l s  a p p e a r s  
t o  e x i s t  i n  a va r i e ty  o f  s t ruc tu ra l  and  mechan ica l  dev ices .  Fo r  
s p a c e  s y s t e m s  a p p l i c a t i o n s ,  t h e  p o t e n t i a l  o f  d i r e c t l y  u s i n g  en- 
vironmental  thermal  energy to  actuate  required mechanical  motions 
is a t t r a c t i v e .  Also a t t r a c t i v e  are t h e  p o s s i b i l i t i e s  o f  d e s i g n -  
ing  l l f lexure- type l '  mechanisms  which  do n o t  r e q u i r e  b e a r i n g s .  
The m a t e r i a l  i s  b a s i c a l l y  m e t a l l i c  a n d  s h o u l d  e x h i b i t  e x c e l -  
l e n t  r e s i s t a n c e  t o  h a r d  vacuum, temperatures  extremes,  and radiat ion.  
Fur ther  exper imenta l  work i n  c h a r a c t e r i z i n g  a n d  c o n t r o l l i n g  
the  thermomechanica l  proper t ies  of  Ni t ino l  i s  r e q u i r e d  t o  p e r m i t  
the  des ign  and  cons t ruc t ion  of  re l iab le  space hardware. 
26 
ts t  is e t  t  heating and cooling t  t e 
i l stri . 
 th    operation in which rotation follows the sunls 
tion in azimuth, the upper end plate  la ped the Nitinol 
extending vertically r The tinol stri s 
the sun l t d contract as the transition temper-
t re s ti forces the inner  the 
nted ring l t  to ro ate into  of i  ring 
gth for t e h ated Nitinol strip.  shaft and lower 
ring late r  inned t  the inner r ce and rotate  one 
t   periphery of the low r base plate always points toward 
sun. 
    demonstration 
i  the setup Figure t  ric t 
 provided t  heating source for the N tinol strips.  
 the base s  o l  cooling  r gh the louvres o 
e strips shiel ed rom the radiant heater. With 0.026 
 Nitinol ,  pointing accuracy i  ° r 
 operation n u per end plate 
l sp ed wit  the lower base pl te clamped s a proximate-
   ri bons of Nitinol  it ted for 
 ,  pointing accuracy improved, and the speed of 
 doubled.   tinuously rotated for   
i tely  without appreciable change  
I  
 i e ge of a plications for Nitinol m terials appears 
 exist in   of str ctural and me hanical devices. For 
ace syst  a plications, the potential of directly using 
l thermal energy to ctuate required mechanical motions 
 . l  ti   t  po sib l ties of design-
i  "flexure-type" i  which do t require bearings. 
 t i l   metallic and should exhibit excel-
resistance to hard ,  extremes, an  radiation. 
experimental  characterizing and controlling 
 thermomecha i  properties of Nitinol  to permit 
design and construction of  hardware. 
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APPENDIX A 
TAPE FABRICATION 
The N i t i n o l  t a p e s  w e r e  f a b r i c a t e d  b y  r o l l i n g  t h e  w i r e  i n  a n  
e x p e r i m e n t a l  r o l l i n g  m i l l  des igned  and  fabr ica ted  a t  Astro Research 
Corporat ion.  The photograph  of  Figure A - 1  shows t h e  r o l l i n g  m i l l  
w i th   t he   f eed  side in   the   foreground.  Wire was  fed  through a guide 
ho le  in  the  in su la t ing  b lock  and  be tween  two copper r o l l e r s  u s e d  t o  
provide e lec t r ica l  con tac t .  The s e t  o f  p r e s s u r e  r o l l e r s  formed a 
second e lec t rode  and  provided  the  means f o r  h e a t i n g  t h e  w i r e .  For 
h o t  r o l l i n g ,  t h e  w i r e  was maintained a t  a d u l l  r e d  h e a t  p r i o r  t o  
en t rance .  The w i r e  was no t   hea t ed   a f t e r   ex i t .   Approx ima te ly  2- 
lb t e n s i o n  was a p p l i e d  t o  t h e  w i r e  t o  a s s i s t  i n  drawing it evenly 
from t h e  r o l l s .  A un i fo rm ro l l i ng  speed  o f  1.6 ft/min w a s  main- 
t a   i n e d .  
Uniformity of  r ibbon thickness  was found t o  be dependent upon 
t h e  amount of r e d u c t i o n  a p p l i e d  d u r i n g  i n i t i a l  r o l l i n g  p a s s e s .  
Gradual  reduct ion w a s  ob ta ined  by  mul t ip le  passes ,  each  decreas ing  
t h e  c r o s s - s e c t i o n a l  a r e a  b y  a b o u t  5 p e r c e n t  of t h e  o r i g i n a l  a r e a .  
Cold r o l l i n g  w a s  found t o  improve s t r a i n  r e c o v e r y  p r o p e r t i e s .  
Samples w e r e  cold reduced by 10 t o  15 p e r c e n t  i n  th ickness  by  two 
a d d i t i o n a l  c o l d  p a s s e s  a f t e r  t h e  l a s t  h o t  p a s s  t h r o u g h  t h e  r o l l i n g  
m i l l .  
Anneal ing was accomplished by heat ing in  a i r  in  an e lec t r ic  
furnace.  The procedure w a s  t o  a d j u s t  t h e  f u r n a c e  t o  t h e  d e s i r e d  
anneal ing  temperature .  The samples were t h e n   i n s t a l l e d ,   a n d   i n  
approximately 0.5 minute  the furnace had again reached the anneal  
tempera ture .   Af te r  4 minutes a t  t h e  d e s i r e d  t e m p e r a t u r e ,  t h e  
specimens were removed. I n  o r d e r  t o  p r e v e n t  d i s t o r t i o n  a n d  t w i s t -  
i ng ,  t he  r ibbon  was c o i l e d  t o  a diameter  of  about  3 in .  and secur- 
ed l o o s e l y  w i t h  s t a i n l e s s - s t e e l - w i r e  t i e s  a t  t h r e e  p o i n t s .  
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APPENDIX B 
TEST  EQUIPMENT AND PROCEDURES 
The t e s t  e q u i p m e n t  u s e d  f o r  t h e  a x i a l  s t r e s s - s t r a i n  tests i s  
shown i n  F i g u r e  B-1. The specimen w a s  clamped ve r t i ca l ly  be tween  
two p i n  v i s e s  a n d  l o a d e d  b y  t h e  a p p l i c a t i o n  o f  w e i g h t s  t o  a cord 
which passed over two low- f r i c t ion  pu l l eys  and  w a s  c o n n e c t e d  t o  
the  uppe r  p in  v i se .  Bench  marks w e r e  appl ied  approximate ly  0 .5  
in .  apar t  to  masking-tape bands wrapped around the specimen.  
These bench marks w e r e  v i ewed  th rough  an  op t i ca l  sys t em cons i s t -  
ing  of  a Un i t ron  f i l a r  mic romete r  eyep iece  and  a Gaer tner  80 nun 
EFL o b j e c t i v e ,  as  shown i n  F i g u r e  B-2. The f i l a r  micrometer re- 
mained s e t  a t  0 th roughout  the  tes ts  s i n c e  i t s  purpose w a s  o n l y  t o  
provide  the  c ross -ha i rs  requi red  for  s igh t ing  the  bench  marks .  
Length changes were measured by means of a d i a l  micrometer  a t tached 
t o  t h e  s l i d i n g  o p t i c a l  s y s t e m  mount. 
F o r  t h e  a x i a l  s t r e s s - s t r a i n  tes ts  of t h e  N i t i n o l  t a p e ,  t h e  
specimen w a s  f i t t e d  w i t h  a c r i m p - t y p e  s o l d e r l e s s  r i n g  t e r m i n a l  on 
One end to  pe rmi t  a t t achmen t  o f  t he  loads .  Gauge  marks w e r e  in -  
den ted   i n to   t he   t ape   approx ima te ly  3 in .   apar t .   This   gauge   length  
w a s  measured accurately and the specimen clamped ver t ical ly  i n  t h e  
equipment. A s  Loads were a p p l i e d ,  t h e  e l o n g a t i o n  w a s  measured  by 
means of  two te lemicroscopes with accompanying dial  micrometers .  
P r o c e d u r e s  f o r  t h e  a x i a l  stress-strain tests cons i s t ed  o f  
a p p l y i n g  t h e  l o a d  i n  2-pound increments  and  ac tua t ing  an  e l ec t r i c  
v i b r a t o r  f o r  50 s e c o n d s  p r i o r  t o  r e a d i n g  t h e  r e s u l t i n g  s t r a i n .  
The t e s t  tempera ture  was monitored by a thermometer located near 
t he  spec imen  and  r ema ined  r e l a t ive ly  cons t an t  du r ing  a l l  o f  t he  
t e s t ing .   Af t e r   comple t ing  a loading  cycle ,   the   specimen  would be 
h e a t e d  i n  b o i l i n g  water f o r  30 seconds without removing it from 
t h e  f i x t u r e .  
The t o r s i o n a l  s t r a i n  tes ts  w e r e  conducted with the equipment  
shown i n  F i g u r e  B-3. T o  perform a t e s t ,  t h e  w i r e  specimen was 
clamped v e r t i c a l l y  be tween  two chucks which appear  in  the lower 
center   o f   F igure  B-3. Tape f l a g s   a t t a c h e d   t o   t h e   s p e c i m e n   p r o v i d -  
ed  a means f o r  o b s e r v i n g  s l i p p a g e  i n  t h e  c h u c k  j a w s .  Weights w e r e  
p l a c e d  i n  e i t h e r  of t h e  two c u p s  ( l o w e r  l e f t )  a n d  t h e  r e s u l t i n g  
load w a s  t r ansmi t t ed  th rough  a c o r d  t o  t h e  t o r q u e  drum (upper  
c e n t e r ) .  The  drum was f i x e d   t o   t h e   t o r q u e   s h a f t   ( c e n t e r )   w h i c h  
w a s  mounted  on  two b a l l  b e a r i n g s  a n d  w h i c h  w a s ,  i n  t u r n ,  a t t a c h e d  
t o  the  upper  chuck. The lower  chuck w a s  s e c u r e d  t o  a s t a t i o n a r y  
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t  t the      ly t  
 the cross-hairs required for sighti g the bench marks. 
t  changes by means l eter a tached 
the sliding optical system 
r the axial stre s-strain   Nitinol tape, the 
  wit  -type solderless ring terminal 
o permit ttachmen  of the loads. marks  
t d in o the ta e approximately  part. This gauge length 
 sured accurately and th  sp cimen clamped vertically   
 loa i , the elongation  by 
two t lemicroscopes with accompa ying d al icrometers. 
cedures the axial i  of 
l ing the load in nd ts and actuating an 
r for  conds to reading the resulting strain. 
t re  by eter located near 
speci e and remained relatively co stant during all of the 
. After completing  cycle, the specimen would 
ted in bo ling r  without removing  
 fixture. 
i al str i   ted with the equipment 
Figure .   ,    
l  ks which a pear in the lower 
of Figure .  attached to the specimen provid-
  observing slippage in the chuck .  
ced in either  s (lower left) and the resulting 
 through  rd to the torque r 
. drum to he torque shaft (center) which 
 on two ll bearings and which turn, aottached 
 upper chuck. chuck  red t   r  
b r a c k e t  c o n n e c t e d  t o  t h e  a p p a r a t u s  f r a m e  b y  v e r t i c a l  t u b e s  on 
e i t h e r  s i d e  o f  t h e  t o r q u e  s h i e l d .  A s  each  load  increment  w a s  ap- 
p l i e d ,  a n  electric v i b r a t o r  ( l e f t  c e n t e r )  was  a c t u a t e d  f o r  a per-  
iod of 60 seconds.   This   operat ion assists in  the  r emova l  o f  
f r i c t i o n  e f f e c t s  a t  low load  l eve l s .  Angu la r  displacement  w a s  read  
from the  upper  sur face  of  the  torque  drum which w a s  s c a l e d  i n  50 
increments,  from Oo t o  360° i n  b o t h  p o s i t i v e  ( c l o c k w i s e  drum move- 
ment)  and negat ive (counterclockwise drum  movement) d i r e c t i o n s .  
The p r o c e d u r e  f o r  t h e  t o r s i o n a l  s t r e s s - s t r a i n  tests w a s  t o  
l o a d  i n  2-gram i n c r e m e n t s  t o  +30 grams and then unload i n  2-gram 
increments .  For  ha l f  o f  the  tests the  specimen was then  hea ted  
i n  b o i l i n g  w a t e r  f o r  10 seconds and allowed t o  c o o l  t o  room  temp- 
erature  p r i o r  t o  r e v e r s i n g  t h e  l o a d i n g  i n  2-gram inc remen t s  t o  
-30 grams.  For t h e  o t h e r  h a l f  of t h e  t es t s ,  the   l oad  was r eve r sed  
wi thou t   t he   i n t e rmed ia t e   hea t ing   cyc le .   Af t e r   un load ing  from -30 
grams i n  2-gram increments ,  a l l  specimens w e r e  hea t ed  fo r  10  sec- 
onds i n  b o i l i n g  w a t e r .  Each of  the  runs  was r epea ted  th ree  times 
i n  rap id  success ion .  
The equipment  used i n  the  tempera ture  e longat ion  tes ts  i s  
shown schemat i ca l ly  i n  Figure A - 5  and i n  the photograph of  Figure 
A-6. The u n i t  c o n s i s t s  o f  two te lescoping  Pyrex t u b e s  which  enclose 
the specimen and which a re  f r e e  t o  s l i d e  v e r t i c a l l y  w i t h i n  two  alum- 
inum suppor t   b racke t s .  The lower  ends  of  the tubes a r e  f i t t e d  
loose ly  wi th  brass plugs clamped to  the  spec imen wi th  set  screws. 
Brass  ta rge t  washers  a re  cemented  to  the  upper  ends  of t h e  t u b e s  and 
provide  the  means for  v i sua l ly  de te rmining  length  changes  which  oc- 
c u r  i n  t h a t  s e c t i o n  of the specimen located between the s e t  screws 
i n  the   p lugs .  The assembly i s  supported  by a t a r e  l o a d  of 1.0 lb 
which i s  a p p l i e d  t o  t h e  u p p e r  end of the specimen by means of a p in  
v i s e .  A t ens ion ing  sp r ing  i s  p r o v i d e d  t o  a s s u r e  p o s i t i v e  c o n t a c t  
between the inner Pyrex t u b e  and i t s  p lug  by  app ly ing  s l igh t  t en -  
s i o n  t o  t h e  u p p e r  s e c t i o n  of  the specimen not used for measurement. 
I n  o p e r a t i o n ,  t h e  a p p a r a t u s  i s  lowered i n t o  a Dewar f l a s k  con- 
t a i n i n g  a heat-exchanger  coi l  and a l iquid heat-exchange medium 
i d e n t i f i e d  a s  L e x s o l  408". The l i q u i d  l e v e l  i s  maintained a t  t h e  
t o p  s u r f a c e  of the  uppe r  suppor t  b racke t .  Ax ia l  s t r a in  i s  d e t e r -  
mined by  measur ing  the  re la t ive  d isp lacement  of  two f i n e  punch 
marks on t h e  t a r g e t  w a s h e r s  o r ,  a l t e r n a t i v e l y ,  t h e  d i s p l a c e m e n t  o f  
the  inner  edges  of  the  washers  themselves.  Measurement i s  accom- 
p l i s h e d  w i t h  a Vickers  A E I  image-sp l i t t ing  eyepiece .  The d i sp lace -  
ment measured i s  t h e  c h a n g e  i n  l e n g t h  of t h a t  s e c t i o n  o f  t h e  s p e c i -  
men loca ted  be tween the  brass p l u g s  o r ,  more s p e c i f i c a l l y ,  between 
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an t r)  t  for  
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 For  other half   load 
the intermediate heating cycle. After unloading  
 ra  l    for  
 boiling the runs  thr e 
 su cession. 
used  temperatur  elongation  
    photograph of Figure 
. consists of i  Pyrex  enclose 
specimen and which  e to slide vertically within alum-
t brackets. r ends of the  fi ted 
with  clamped the specimen with 
 target washers are cemented to th  upper ends   
 the visually determining length changes which 
  section specimen located betwe n the   
 plugs.  by  load  
  to the upper  of the specimen by  
spring  ided to assure positive contact 
 the inner Pyrex    by a plying slight 
to the upp r section specime  not used for measurement. 
operation, the pparatus     -
 coil and  i  heat-exchange 
as Lexsol 8-M.  level  the 
 surface  u per support bracket. Axial strain  
measuri  the relative displacement of e 
 target washers or, alternatively, the displacement of 
inner edges of the wa hers th mselves. Measurement  -
with   -s litti g eyepiece. 
measured  chang in length section of the speci-
 between the s or, l , 
 
t h e  p o i n t s  a t  which  the  specimen f i rs t  c o n t a c t s  t h e  b r a s s .  T h i s  
d i s t a n c e  i s  determined by assenfbling the specimen in a j i g  which 
f ixes   the  room-temperature   length a t  78 .1  mm (3.075 i n . ) .   A x i a l  
s t r a i n  measurements  include length change for  the outer  Pyrex t u b e ,  
b u t  n o t  f o r  t h e  i n n e r  t u b e  i n  t h e  r e g i o n  of the  specimen.  Accord- 
i n g l y ,  a thermal expansion value for Pyrex m u s t  be added t o  t h e  
measured data t o  o b t a i n  t h e  a c t u a l  s t r a i n  v a l u e  f o r  t h e  specimen 
under tes t .  
The t e s t  temperatures  w e r e  monitored with a Leeds and Northrup 
Speedomax H M i l l i v o l t  r e c o r d e r  t h r o u g h  two chromel-alumel thermo- 
couples  located near  the ends of  the specimen t e s t  s e c t i o n .  
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Figure B-1. Axial Stress-strain Test EquipmenL 
Figure B-2. Axial strain Measuring Apparatus 
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Figure B-3. Torsion Test Apparatus 
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Figure B-S. Photograph of Temperature Elongation Test Equipment 
62 
REFERENCES 
1. Buehler ,  W . J . ,  Wiley,  R . C . ,  and Wang, F.E.:  Nickel-Base 
A l l o y s ,   P a t e n t  No. 3 ,174,851,  March 23,  1965. 
2. N I T I N O L  ALLOYS, Brochure  from U.S. Naval  Ordnance  Laboratory, 
White  Oak,  Maryland,  September  1965. 
3. Buehler ,  W. J. , and  Wiley, R.C. :  The P r o p e r t i e s   o f  T i N i  and 
Associated  Phases .   Trans.  ASM, V o l .  55,  No. 2,  June  1962. 
4.   Buehler,  W . J . ,  and Wang, F.E.: Mar tens i t ic   Transformat ion  
i n  t h e  T i N i  Compound, R e a c t i v i t y  o f  S o l i d s ,  F i f t h  I n t e r n a -  
t i o n a l  Symposium,  Munich  1964. 
5. Buehler ,  W. , Private  communication. 
6. Wang, F.E.: The Mechanica l   Proper t ies  as  a Funct ion  of  Temp- 
e ra tu re  and  F ree  E lec t ron  Concen t r a t ion  in  S to i ch iomet r i c  
T i N i ,  T iCo,   and   TiFe   Al loys ,   Proc .   F i r s t   In te rn t l .   Conf .   on  
F r a c t u r e ,  Vol. 2,  pp  899 - 908,  1965. 
7.  Wang, F.E.,  e t  a l :  Growth of T i N i  S i n g l e   C r y s t a l s   b y  a Modi- 
f ied  "Strain-Anneal"   Technique,  J. App. Phys. Vol. 35, No. 12,  
3620, December 1964. 
8 .   Buehler ,  W.  J . ,   and   Wi ley ,  R.C. : T i N i  D u c t i l e  I n t e r m e t a l l i c  
Compound, Trans.  ASM, Vol. 55, No. 2 ,  June  1962. 
9. Buehler ,  W.  J . ,  e t  a l :  E f f e c t  of Low-Temperature  Phase  Changes 
on the  Mechanica l  Proper t ies  of Alloys near  Composi t ion T i N i ,  
J. App. Phys. , Vol. 34, N o .  5 ,  1475-1477 , May 1963. 
10. Goff,   J .F.:   Thermal  Conductivity,   Thermoelectric  Power,   and 
E lec t r i ca l  R e s i s t i v i t y  o f  S t o i c h i o m e t r i c  T i N i  i n  t h e  3O t o  
300°K Temperature  Range, J. App. Phys, V o l .  35, No. 1 0 ,  O c t -  
ober  1964. 
11. M i l .  Spec. #MIL-N-81191 ( W P  Nickel-Titanium Alloys, Low  Mag- 
n e t i c   E f f e c t s ;   B a r s ,   P l a t e s ,   S h e e t s ,   S t r i p s ,   a n d   S h a p e s   ( f o r  
Spec ia l  Purpose  Tools  & Equipment) , Rev. D e c .  1964. 
1 2 .  Bradley ,  D.:  Sound  Propagation  in  Near-Stoichiometric T i N i  
A l loys ,  J. Acous.  SOC. A m e r .  , V o l .  37, No. 4 ,  700-702, April 
1965. 
63 
~. 
. , .J., , . .,  .: Nickel-Base 
, Patent  , 1965. 
 from .S.  Ordnance Laboratory, 
Oak, Maryland, September 1965. 
 , .J., Wiley, . .: of i  
Pha es. Trans. , o. June 1962. 
Buehler, .J.,  . .: i  Transformation 
 the i ity of Solids, Fifth Interna-
l i , Munich 1964. 
, ., te communication. 
.: ical Properties   -
and Free Electron Co centrat on in St ichiometric 
 o, and TiFe Alloys, Proc. First Inter tl. Conf. on 
, ol. pp 899 1965. 
.,   i Crystals by  i-
"Strain-Anneal" Technique, ol. ,  , 
 . 
Buehler, .J., and Wiley, . .: i e i  
ol. , o.2, 1962. 
, .J.    t  Phase Changes 
Mechanical Properties near Composition  
s., ol. o.5, 477  . 
 J.F.: Thermal Conductivity, Thermoelectric Power, and 
 of Stoichiometric i  the °  
0  Range,  , t
1964. 
. i IL-N-8ll9l WPP it iu  ll  Mag-
Effects; Bars, Plates, heets, Strips, and Shapes (for 
Purpose Tools   
, .: nd Propagation in Near-Stoichiometric i 
, Soc. er., o. , , pril
 
13. 
14. 
15. 
16. 
17. 
G o l d s t e i n ,  D. M. , et. a l :  E f f e c t s  o f  A l l o y i n g  Upon C e r t a i n  
P r o p e r t i e s  o f  5 5 . 1  N i t i n o l ,  U.S. Naval Ordnance Laboratory, 
White  Oak, NOL TR 64-235, May 1965. 
Rozner,  A.G., e t  a l :   E f f e c t   o f   A d d i t i o n   o f  Oxygen, Ni t rogen ,  
& Hydrogen on Mic ros t ruc tu re  & Hardness of Cast T i N i  I n t e r -  
metal l ic  Compound, Trans.  ASM, Vol. 58, No. 3,  September  1965. 
Schuerch,  H. U. , and Hedgepeth, J . M .  : Large Low-Frequency 
Orbi t ing Radio Telescope - Summary Repor t ,  As t ro  Research  
Corpora t ion  Repor t  ARC-R-280,  May 1968. 
S i n t e s ,  J . F .  : F l e x u r a l  I n s t a b i l i t y  of Fo ldab le  T u b e s  Based 
on t h e  E l a s t i c  Recovery  Concept, XVII Congress  of  Interna-  
t i ona l  As t ronau t i ca l  Fede ra t ion ,  Oc tobe r  1966 .  
London, A . ,  and Drummond, F.O.,Jr.:  Thermal  System  Design 
of t h e  Nimbus Spacec ra f t ,  Gene ra l  E lec t r ic  Missile and Space 
D i v i s i o n ,  p r e s e n t e d  a t  t h e  XVII Congres s  o f  In t e rna t iona l  
As t ronaut ica l   Federa t ion ,   October   1966.  
64 NASA-Langley, 1968 - 17 cR-1232 
. i , . ., t. Effects of Alloying  
 of 55.1 Nitinol, u s. Ordnance Laboratory, 
Oak,   , 
. A G.,  Effect of Addition of , , 
 on   ss of Cast i 
ol. , o. September 1965. 
r , . .  Hedgepeth, . .:  ency 
 Radio T lescope , Astro R search 
i  Report - -280, May . 
J.F.: ral Instability l   
  Concept,  ress of Interna-
l Astronautical Federation, October 1966. 
. , .,  . ,Jr.: Thermal System Design 
 General  Space 
ion, prese t at the  res  of International 
tical Federation, October 1966. 
 C -  
